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Abstract

This thesis has sought to understand the process of sequential adsorption of
polyelectrolytes in terms of the effects that processing parameters have on the resultant
film structure, to extend this technique’s capability to include novel materials which have
not previously been assembled, and to use sequentially adsorbed films in potentially
useful applications such as light emitting devices (LEDs). Fundamental studies on the
influence that polyelectrolyte molecular weight, solution ionic strength, and solution pH
have on the resultant film structure were undertaken for films of poly(allylamine
hydrochloride) (PAH) sequentially adsorbed films with either sulfonated polystyrene
(SPS) or poly(methacrylic acid) (PMA). The molecular weight and the solution ionic
strength of the SPS was varied for the SPS/PAH films. It was shown that under low ionic
strength conditions (< 0.1M NaCl) the bilayer thickness is independent of molecular
weight, but that under high ionic strength conditions (=1.0 M NaCl) the bilayer thickness
is significantly dependent on the molecular weight of the SPS. This was attributed to the
transition of adsorbed molecules from relatively flat conformations at low ionic strengths
to more loopy conformations at high ionic strengths. Analysis of the bilayer thickness for
a given molecular weight of SPS as a function of the SPS solution ionic strength showed
that for molecular weights of greater than 35K and ionic strengths of <1.0 M NaCl, the
bilayer thickness scales with the square root of the ionic strength as predicted from the
adsorption theory derived for a single adsorbed layer.

Analysis of PMA/PAH films assembled under varying pH conditions for solutions
of both PMA and PAH showed an increase in the PAH layer thickness with an increase in
the pH of the PAH solution due to the increase in surface charge of the previously
adsorbed PMA layer, a decrease in PMA layer thickness with an increase in the solution
pH of the PMA due to increased segment-segment repulsion, and an increase in PMA
layer thickness with the thickness of the underlyirg PAH layer which was attributed to
the presence of a contact-ion pair mechanism of sequential adsorption. Sessile drop
contact angle measurements of these films taken as a function of the number of layers
adsorbed indicated that at low number of layers (< 10 adsorbed layers) the level of
penetration of material from underlying layers to the outermost surface is dependent on
the thickness of the last layered adsorbed. At higher numbers of layers (= 20 adsorbed
layers), the outermost surface layers of all of the films became more heavily penetrated by
underlying layers. However, methylene blue adsorption studies indicated that the
oscillation in surface charge with the adsorption of oppositely charged polymer molecules
was maintained. This increase in layer mixing is believed to be linked to the increase in



surface roughness with increasing number of bilayers which was observed by SAXR.
Cross-sectional TEM images of heterostructures consisting of blocks of PMA/PAH
bilayers alternating with bilayers of ruthenium containing molecules also showed an
increase in surface roughness with increasing number of bilayers in addition to a distinct
layering of the assembled bilayer blocks.

Forster energy transfer studies between layers of derivatized poly(p-phenylene)
(dPPP) and PPV separated by varying number of spacer bilayers of PMA/PAH,
SPS/PAH, and poly(acrylic acid) (PAA) and PAH lead to estimations for the level of
penetration into the spacer bilayers of between 15-53A for the PMA/PAH spacer layers,
over SOA for the SPS/PAH spacer bilayers, and less than 80A for the PAA/PAH spacer
bilayers. Additionally, the technique of sequential adsorption was extended to include
polyimide precursor which could be subsequently converted to the polyimide using either
chemical or thermal means. Sequentially adsorbed films of dPPP with a variety of
polycations were also investigated for use in blue light emitting devices with the overall
result that the devices were dominated by the transport of holes and that further
optimization is required to achieve balanced charge injection.

Thesis Advisor: Professor Michael F. Rubner
Title: TDK Professor of Polymer Science
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CHAPTER 1. - INTRODUCTICN AND BACKGROUND

1.1 General Background

The typical person cannot go through a day without coming in repeated contact
with polymeric materials in a variety of shapes and sizes. Polymeric materials in thin
films are one of the most common forms encountered and can be found or everything
from computer circuit boards to our hair. However, some of the advanced applications of
polymeric thin films which have been of intense research interest within the last decade
make use of novel properties such as electrical conductivity, ron-linear optical activity,
and electroluminescence of specific polymers to make potentially useful devices. Sensors,
transducers, optical switches, photovoltaics, and light emitting devices (LEDs) based on
these films not only rely upon the electroactive properties of the specific polymer used,
but also upon the ability of the device to be optimized by a desired film structure.
Optimization typically includes creating arrays of molecules which have cooperative
properties which are either different or better than what can be achieved without
molecular manipulation. While biological polymers such as proteins optimize by self-
organization into arrays of biological functionality which ultimately lead to living
organisms, desirable arrays can also be achieved for synthetic polymers through such
approaches as blending; phase separation of homopolymers, block copolymers, and/or
segmented copolymers; photolithographic patterning; and sequential layering. In the past,
sequential layering was achieved with multi-step processes such as spin-casting multiple
layers of polymer from solution, undergoing a series of chemical reactions at a film
surface (sequential chemisorption), and transferring a series of ordered organic
monolayers from a water-air interface to a substrate (Langmuir-Blodgett film assembly).
However, recently, a film fabrication technique known as layer-by-layer self-assembly,
which is based on the sequential physisorption of positively and negatively charged
molecules, has been shown to deliver high quality thin films of controllable thickness and
to offer many advantages over other sequential layering techniques [1]. This thesis seeks
to understand the relationship between processing conditions, film structure, and LED

device operation of sequentially adsorbed polymeric thin films.
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In order to provide a proper theoretical foundation in which to understand these
relationships, a review of the polyelectrolyte solution properties and their subsequent
adsorption to a surface will be made. To put this thesis’ contributions in perspective with
the field of sequentially adsorbed polymeric films, a brief review of the current field of

sequential physisorption will also be made within this chapter.

1.2 Polyelectrolytes in Solution

A polyelectrolyte can be simply described as a polymer chain with ionized groups.
However, it is these charged groups which often complicate the theory in regard to the
chain’s behavior in solution and the nature of their adsorption to a substrate. Excluding
specific segment-segment interactions such as hydrogen bonding, the behavior of
polyelectrolytes can be considered to be the supposition of non-charged polymer chain
behavior and electrostatic interactions [2]. The conformations that a non-charged linear
polymer adopts in solution are primarily dependent on the stiffness of the repeat units, the
total length of the chain, and the interaction of the chain with the solvent. The root-mean-
square distance of segments from the center of mass of a conformation of such an
interacting polymer molecule, which is defined as the radius of gyration R, can then be

written as

B a'q(l)/2Nl/2€l/2

Ry, = 3 (1.2.1)

where £ is the length of the polymer repeat segment, N is the number of segments in the
polymer molecule (chain contour length = ¢ *N), q, is the characteristic length along the
chain over which the directional correlation between the segments decays to zero (also
known as the persistence length), and o is an expansion factor which takes into account
the finite volume of the segments and the solvent-segment interaction. The expansion

factor can be expressed as



(a')5 _ (a')3 = q¥2(1- 2N V2 (30)¥2 122

where g is the energy change associated with the transfer of segment from pure polymer
to pure solvent in units of kT [3]. The effects of having ionizable groups on the polymer
molecule can then be expressed by rewriting the total persistence length (q) as the sum of
the non-charged persistence length (q,) and the electrostatic persistence length (qe), given

as [4]

q,=4, 14, (1.2.3)

For a chain with the same type of charge along the polymer backbone, the
electrostatic persistence length will be a function of the amount of repulsion between
charged polymer segments. The amount of repulsion will, in turn, be dependent on the
amount and location of charge along the polymer backbone as well as the amount of
small ions present that can screen such charges. The charge along the polymer backbone
can be expressed in terms of the distance between charges on a polymer chain (£.). The
screening of a electrostatic potential by small ions can be quantified in terms of a

characteristic length of decay known as the Debye length (k') which can be written as

, _2¢,N,z°€’
ekT

(1.2.4)

where c; is the concentration of counterions in the equilibrium solution, N is Avogadro’s
number, z is their valence, e is the elementary charge, € is the dielectric permittivity, k is
the Boltzmann constant and T is the absolute temperature. While expressions for the
equation relating the electrostatic potential and this decay parameter has been solved for
flat geometries,[5,6,7] analytical solutions based on the cylindrical geometry used for

polyelectrolytes suffer from the complication of divergence of the potential (very strong

12



non-linear screening effects at short distances) near the cylinder axis. Instead, two
limiting cases of screening are outlined - one at high charge density and one at relatively
low charge density [8,9,10,11). In the case of a highly charged polymer where /. is small,
counterions can be tightly held to a region close to the polymer backbone due to the high
electrostatic potential. This counterion condensation decreases the effective charge along
the backbone and increases the effective distance between charges (£ .¢). The amount of
charge density required to cause counterion condensation is expressed in terms of the
Bjerrum length (£¢g) which is the distance between two monovalent ions that have a

Coulombic interaction energy just equal to kT and can be expressed as

62

lp =———
B ™ 4rekT (1.2.3)

In water at room temperature, ¢ g is approximately 7A, which means that polyions having
monovalently charged groups spaced closer together than 7A along the polymer backbone
should undergo counterion condensation. Thus, in the case of a highly charged polymer
molecules, the effective distance between monovalent charges becomes the Bjerrum
length (¢ =z * ¢g). In the case of weakly charged polymer molecules, counterion
condensation does not occur and the real charge density is equal to the effective charge
density ( 7 . = / .). While the transition between these two states is denoted here as being
very sharp, experimentally the transition has been determined to be more gradual [12].
Additionally, the detailed nature of this counterion binding has been researched further in
recent years to include both the non-specific binding denoted here and specific binding of
certain counterions onto certain polyions [13]. However, using the simplified expression
for non-specific binding, the electrostatic persistence length in the dilute regime can then

be expressed as

‘g

Qe = T(leff K)-z- (1.2.6)
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Furthermore, when the non-electrostatic contribution to the excluded volume is small

compared with the electrostatic contribution, the radius of gyration can then be expressed

as
o
R =—e U2712,12
g ngt (1.2.7)
where
( )5_( )3_ =3/5. ~1\1/2 ,1/2
Ol Oe) =q; K . (1.2.8)

The above equations are derived for the dilute solution in which polymer
molecules are largely isolated from one another. The transition from the dilute solution
regime to the semi-dilute regime in which the molecules interact is typically discussed in
terms of a critical polymer concentration cp' (expressed here in moles of monomer per

liter) which can be expressed as

cp =(€3N2NA)—1 (1.2.9)

in the upper limit of a highly charged polyelectrolyte in a low ionic strength solution.
Above this concentration, segments of different chains interact and the conformational
behavior become more concentration dependent and more difficult to model. It should be
noted that the majority of the polyelectrolyte solutions used throughout this thesis are
calculated to be within the dilute regime with the possible exceptions of very high
molecular weight sulfonated polystyrene and precursor poly(phenylene vinylene) with
concentrations above 0.001M. Thus, the conformation changes with solution and
molecular parameters expressed in the preceding equations are considered to be good

analogs of the solution behavior of most of the polyelectrolyte solutions used throughout

14



this thesis. However, because of the many simplifying assumptions made (the largest of
which concemns the nature of the electrostatic screening [14]), the theoretically predicted
radius of gyration values do not always strictly agree with experimental values. Yet, the
trends predicted with variations in polymer charge density and ionic strength with respect
to a reference situation usually agree well with experimental observations and can still be
used as a guide for the understanding and manipulation of conformations in solution and
in an adsorbed film [2]. The solution properties of poly(methacrylic acid) (PMA) which is
known to undergo a transition from an extended coil to a globular form at acidic pH due
to hydrophobic interactions may be the one exception to this statement [15].

An example of the manipulation of solution conformations using an accessible
solution variable can be seen in the case of the electrostatic screening of the repulsive
interaction between segments of a highly charged polyelectrolyte with added salt as
illustrated in Figure 1.2.1. An example of such a highly charged polyelectrolyte is
sulfonated polystyrene (SPS). One can expect that at very high ionic strength, K, Qe and
the electrostatic contribution to the excluded volume will all be small. This will, in turn,
make the polymer conformations more compact (as q, ~ qo) and better described by non-
charged polymer radius of gyration of Equation 1.2.A.1 which has only a small
dependence on the salt concentration through y as denoted in Figure 1.2.1 (case a). In
fact, at very high ionic strengths (4.17 M NaCl in the case of SPS), the polymer molecule
can reach the theta point where it will assume a conformation which can be described by
simple gaussian statistics in which neither the electrostatic nor the non-charged expansion
factor needs to be taken into account (x = 0.5, a'=a.=1) [16]. At intermediate salt
concentrations (c,), the polymer molecules are more extended as electrostatic
contributions start to dominate. Both k' and q, will increase with decreasing salt
concentration to give a R, which varies as (q(/ic)”5 (¢ N)”2 for large values of o,. For
chains where q. has increased to the point where it approximately equals q, (small q,), R,

. .3 -
will vary as k*° and ¢, V"

(case b). With a further decrease in ionic strength, q, (~ q. for
nearly all chains now) continues to increase, but now due more to the local stiffness of the
charged segments than from the excluded volume of interacting segments (o ~ 1). This

causes R to vary as (lcl’m)"(é’N)”2 »(cs)'”2 (case c). In the extreme limit of q., the
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polymer molecule will take on the dimensions approximating that of a rod of length ¢N
(the “rod limit™) (case d) [17].

In addition to changing the “polymer conformation” by adding salt to the
polyelectrolyte solutions, the “conformation” can also be manipulated by changing the
charge density along the polymer backbone. In the case of weak polyacids and polybases,
this can be done simply by changing the pH of the solution. The amount of charge along a
polymer backbone is typically denoted by the degree of ionization o, which is different
from the previously used expansion factors of o' and 0. For acidic small molecules, the
relationship between the degree of ionization «, the pH, and the negative log of the

dissociation constant K (pK,) is given by the Henderson-Hasselbach equation

o
l—a) (1.2.9)

pH =pK, + log(
However, for polymers, an additional term of 8G, is required to take into account the fact
that it is increasingly harder to create more charged groups on a chain which already has
charges. The ability to create more charged groups will also be dependent on the polymer
concentration, the salt concentration, and the local environment of the chain which is all

contained within this 8G,, term [18]. The pK, of a polyacid can then be defined as

pK, = pK +O.434% (1.2.10)

.0

and the extended Henderson-Hasselbach equation becomes

8G
)+o.434—e—‘— (1.2.11)

o
pH =pK, o, + log( l RT
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Figure 1.2.1 Polyelectrolyte solution conformations at various levels of solution ionic
strength with the charges removed for clarity (top). Plot of the radius of gyration as a
function of the log of the salt concentration in the three regimes discussed (bottom).
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for polyacids and

3G ¢
RT

)-— 0434 (1.2.12)

pH =pK; o - IOg(l—a

for polybases. Note that for very strong polyacids pK, is very low and for very strong
bases pK, is very high such that at a moderate pH values, a will be very close to one.

For a weak polyacid, such as poly(acrylic acid) (PAA), the apparent pK, is
observed to increase with an increase in the degree of ionization o and to decrease as the
amount of charge screening is increased through the addition of salt [2]. A comparison of
this behavior with that of poly(methacrylic acid) which undergoes a conformational
transition to a globular form in the range of 15-30% dissociation can be viewed in
Appendix A [19]. However, because of the change in 6G. with various solution
parameters for most polyelectrolytes, an accurate calculation of the amount of charge
along a polymer backbone at a given pH is sometimes difficult to make.

Though simple and accurate predictions of polyelectrolyte behavior are often
elusive due to the complexity of charged and non-charged effects, this same complexity
can also provide multiple pathways in which the structure of a polyelectrolyte can be
manipulated. If one considers that folded proteins not only use positively and/or
negatively charged segments, but also secondary interactions involving hydrophobic,
hydrophilic, and hydrogen bonding segments to obtain tertiary as well as primary
structure, the multiple pathways for changing the structure of a molecule becomes
apparent. This flexibility of manipulation of molecular conformations can also be
realized in the vicinity of a solid interface through the process of adsorption. Thus, the
solution interactions denoted above will provide a proper basis on which to understand
the process of polyelectrolyte adsorption which is central to the fabrication of films using

layer-by-layer sequential adsorption.
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1.3 Adsorption at an Interface

Adsorption can be defined as the local enrichment (or depletion in the case of
negative adsorption) of a material near an interface [20]. For polymers, this process
typically attempts to balance the enthalpy of attraction to the surface against the loss in
conformational entropy from the restriction of a solid surface. Even though the process
may be thermodynamically driven, there are still debates as to whether the resulting film
reaches a true equilibrium structure or simply a metastable kinetically ‘“locked-in”
structure [21]. Therefore, both the kinetic process of adsorption and the

thermodynamically predicted film structure should be considered.

1.3.A Kinetics of Adsorption

As illustrated in Figure 1.3.1, the process of polymeric adsorption onto a solid
surface is usually considered to take place in three steps - (1) mass transport of the chain
to the surface, (2) initial attachment of the chain to the surface, and subsequent (3)
spreading or rearrangement of the polymer segments [22]. In the initial stages of
adsorption, all the polymer which is transported to the surface is immediately adsorbed
and the overall kinetics are transport limited. The mass transport, or the flux, of polymer
chains tfrom the bulk to the surface proximity can be described in terms a diffusion
coefficient, and a polymer concentration gradient between the bulk and the interface. For
polyelectrolytes an additional term representing the additional driving force of the
electrostatic surface potential should also be included into a diffusion expression.

In the dilute regime, the diffusion coefficient is typically inversely proportional to
the effective size of the molecule which can be expressed in terms of the radius of
gyration, Rg,as expressed previously in equation 1.2.7. For a polyelectrolyte of a given
concentration, the diffusion coefficient can then be considerably influenced by such
factors as solution pH (via ¢ or &), solution ionic strength (via k'), and polyelectrolyte
molecular weight (N) with the overall trend that a short, contracted polymer will tend to

give a higher diffusion coefficient than one that is long and swollen. Therefore, in an
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Figure 1.3.1 Kinetic stages of adsorption of an isolated polymer molecule onto a surface.



adsorption process which is mass transport limited, increasing the ionic strength of the
solution and decreasing the molecular weight will increase the adsorption rate. The effect
of adjusting the solution pH on mass transport limited diffusion will depend on the
corresponding change it makes to the degree of ionization which, as denoted in equations
1.2.11 and 1.2.12, is dependent on the type and apparent pK, of the polyelectrolyte. It
would be expected that a change in adsorption rate would be observed when a change in
pH corresponds to a significant change in the degree of ionization o, with lower values
of a (higher values for¢.) corresponding to higher adsorption rates provided that the
more coiled polymers still have sufficient effective charge density to adsorb to the
surface.

With more polymer surface coverage, the number of available surface sites
decreases and further adsorption becomes hindered as the competition for attachment to
the remaining sites becomes the rate limiting step. In comparison to uncharged polymer
molecules, polyelectrolytes are much slower during this phase of adsorption due to the
electrostatic repulsion encounter by the chains which are already adsorbed. In fact,
because of this repulsive barrier, spontaneous adsorption under fixed solution conditions
has been said to barely exceed the adsorbed amount corresponding to a complete
exchange of the small counterions on the surface for the polyion segments [23]. Others
have suggested that this repulsive interaction is so large that it causes a significant portion
of the surface sites to remain uncompensated by polyion segments and leads to a
kinetically hindered film structure with less adsorbed material than is thermodynamically
predicted [24]. However, this self-limiting can be overcome for weak polyelectrolytes
using a change in the solution conditions to produce an overall thicker layer [25]. Such a
procedure usually involves changing the solution to a pH which will decrease the charge
along the polymer backbone, allowing more adsorption to occur, and then returning the
film to the original pH.

Because the adsorption at this stage is no longer simply dependent on the time at
which molecules reach the surface, a competition between all available adsorbing
molecules will occur which can cause preferential adsorption to occur. For polydispersed

solution, this means that the lower molecular weight chains which were initially
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adsorbed due to their quicker diffusion to the surface will now be in competition with
higher molecular weight chains for the remaining sites. Though higher molecular weight
chains are typically preferentially adsorbed due to their lower translational entropy
penalty [26], a system involving strongly bound chains could also exhibit a preference for
shorter chains due to steric restraints on the remaining unoccupied sites and the ability of
smaller chains to more easily fill surface sites [27]. This competition will continue until a
plateau adsorbed thickness is reached.

The final stage of adsorption involves the subsequent slow rearrangement of the
polymer segments to achieve a more thermodynamically favored configuration. This
rearrangement usually involves an unraveling of the polymer molecule from a *solution-
like” coiled configuration which has only a few segments attached to the surface to a flat
configuration with many attached segments [28]. Though the shape of the polymer
molecule drastically changes during this molecular spreading, Monte Carlo simulations
on an isolated chain have suggested that the overall conformational properties measured
in terms of R, are still very similar to what they would be in solution and that the shape
change can simply be accounted for in terms of an anisotropic mean square end-to-end
distance [29]. Experimentally, this temporal spreading has been observed for PAA, SPS,
and poly(allyl amine) (PAH) via atomic force microscopy (AFM) [30,31]. But, depending
on the kinetics involved and the barriers to spreading encountered, the resulting structure
of the adsorbed film could involve coiled chains, flattened chains. or both [32].

One barrier to unraveling which is not encountered on a substrate which is
sparsely populated is the interaction between adjacent unraveling chains. However, on
substrates where adjacent adsorbed molecules are closely spaced, the competition for
secondary attachment sites can lead to inhibition of spreading, an exchange of attachment
sites, and/or desorption of material. The slow kinetics of this final step relative to the
first two is the primary reason that macromolecular adsorption is often considered to be
an irreversible, path-dependent process with a kinetically determined structure [33]. This
is especially true for polyelectrolytes adsorbed on oppositely charged substrates which
have relatively low mobility due to their electrostatic interactions [23]. The classic

evidence sited for the irreversibility of polymer adsorption is the slow kinetics of
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desorption or re-equilibration with a change in solution conditions. For example,
according to typically observed high-affinity isotherm of polymer adsorption, when the
polymer concentration is taken to zero through rinsing with pure water,
thermodynamically, the polymer should desorb from the surface. Fortunately for the
process of sequential adsorption which involves several rinses, desorption of the adsorbed
films is hardly ever observed, even for very long times [34]

There are two main theories in regard to why polymer desorption is kinetically
limited. The first is based on the large number of contacts that a high molecular weight
polymer will make with the surface. If each of “n” contacts, are assumed to have an
activation energy of 1 kT, then the energy required to completely desorb a polymer
molecule will be prohibitively large at nkT and will have a probability of occuring of ™
[20]. The other theory is based on the assertion that the adsorbed layer is rapidly
equilibrated and it is the small concentration of polymer at the adsorbed surface that only
provides enough driving force for 1+ 10% desorption over the course of the next 300 years
[23]. Though both of these theories lead to the same conclusion of effect irreversibility,
the fact that a large energy savings of nkT is probably not realized through the initial
process of adsorption would cause the latter theory to be more reasonable. Yet, the large
number of contacts no doubt do play a vital role in kinetically inhibiting desorption.
Similar tests for reversible readjustment to changes in solution composition,
concentration, ionic strength, and pH have been made with the general result that
whenever a desorption step is involved, a very slow and incomplete response of the
adsorbed layer will be observed for systems with strong electrostatic interactions and a
slightly faster, sometimes more complete, response will be observed with screened or
weakened electrostatic interactions [23,35,36,37).

A slightly different post-attachment process which can be used to assess the level
of reversibility involves an exchange of adsorbed lower molecular weight chains with
higher molecular weight chains. High molecular weight chains are favored for adsorption
both thermodynamically due to their lower translational entropy penalty upon adsorption
and kinetically due to their lower probability of desorption from their higher number of

contacts with the surface [38]. The exchange between the molecules differs from
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desorption because it is believed to occur through a constant energy “zipping” process in
which the detachment of a segment of the low molecular weight chain is followed by the
immediate adsorption of a segment from a high molecular weight chain [23]. Thus, this
process is diffusive in nature and has an overall lower barrier of activation. Whether or
not a polyelectrolyte exhibits such an exchange of molecules appears to depend on the
strength of the electrostatic interaction between the surface and the polymer. A specific
example of this behavior has been observed for the adsorption of the highly charged SPS
from a solution containing high and low molecular weight fractions onto a positively
charged surface [39]. Under low ionic strength conditions the low molecular weight
fraction is preferential adsorbed to the surface because it diffuses faster to the surface as
predicted previously. At longer times, when the higher molecular weight chains are more
accessible to the film, no exchange of the higher molecular weight chains with the lower
molecular weight chains, or with themselves [40], was observed due to the high charge
interaction. However, when salt is added to the solution, the interaction are shielded
enough to let the high molecular weight fraction displace the adsorbed low molecular
weight fraction. Similar trends have also been observed for other polymers and indicate
some of the complex behavior which may occur for adsorption of polydispersed samples

[23,41,42].

1.3.B Thermodynamic Theory of Adsorption

Despite the fact that, on the typical time scales examined, adsorbed films do not
always respond to changes in solution condition in the manner to which a film in dynamic
equilibrium is predicted, the agreement between theoretical predictions made on
thermodynamic arguments and experimental observations is usually quite high
[43,44,45,46]. While experimental agreement with a model does not constitute knowing
the real nature of a system (especially when metastable states are known to exist), it does
provide a means of visualizing , quantifying, and predicting system parameters in a
manner which is clearly preferable to a table of empirical measurements. Therefore, the

process of adsorption, and thus sequential adsorption, can be considered in terms of



thermodynamically derived equilibrium theories while, at the same time, realizing that
kinetic factors can effect the structure of adsorbed layer or multilayers.

Similar to their solution properties, the adsorption of polyelectrolytes to an
interface involves a convolution of polymeric and electrostatic behavior. This is
especially apparent when it is considered that the first thorough treatments of
polyelectrolyte adsorption involved the incorporation of electrostatic effects into existing
theories of non-charged macromolecular adsorption [47,48]. The three main approaches
to modeling polyelectrolyte adsorption behavior include analytical theories [34,49],
Monte Carlo simulations {29,50,51,52], and numerical solutions to mean-field lattice
models [53,54,55). Regardless of which theory is used, the structure of the adsorbed film
will typically be discussed in terms polymer chain segments that are either part of a train
(segments directly bonded to the surface), a locp (segments not in the first layer which are
bounded on either end by train segments), or a tail (segments not in the first layer which
are bounded by a train segment on one side only). Figure 1.3.1(c) pictorially illustrates
these segment types for an adsorbed polymer molecules. Of the three approaches, the last
is the best developed and, therefore, will be used to describe the thermodynamicaily
predicted conformations of an adsorbed polyelectrolyte.

Within this self-consistent field model, a polymer molecule is assumed to be
adsorbed within a three dimensional lattice network in which the first layer contains those
segments which are truly bonded to the surface. By differentiating a partition function
with respect to the number of chains having a particular distribution of these segment
types, the number of chains in a particular conformation can be determined at calculated
[56]. Estimates of the amount adsorbed (I'), the surface coverage (8), and the bound
fraction (p= 8 / I') can be solved for in terms of the non-electrostatic parameters which

include the non-electrostatic interaction of the segments and the surtace (yg), the

interaction of the segment with solvent molecules ()), the solution concentration (¢), and
the molecular weight (r): and, in terms of the electrostatic parameters which include the

salt concentration (cg), the substrate surface charge density (Gg), and the degree of

dissociation (o) [57].
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In the past discussion, the relative influence of the substrate was not mentioned.
However, as expected, the nature of the substrate, which is expressed in terms of the

surface charge density 6 and the non-electrostatic polymer-surface interaction parameter
s, Will have a profound influence on the structure of the adsorbed film. First, the case of

pure electroadsorption, in which there is primarily an electrostatic driving force for

adsorption (xs=0), will be considered. For a surface which is neutral or has the same

type of charge as the adsorbing polymer, adsorption will be inhibited because there is
both no significant driving force for attachment and there is a repulsive barrier between
the polymer segments and/or between the segments and the surface. A large depletion
region may even form above the substrate due to these electrostatic repulsions. However,
when the surface a charge opposite that of the polyelectrolyte, adsorption will be driven
by electrostatic attraction between the surface charges and the polyion charges, while still
experiencing mutual repulsion of the polymer segments and the entropic penalties of
adsorption. In the limiting case of compensation where every polyion charge finds a

surface charge, the adsorbed amount can be written as

2
=%t (1.3.1)
z0e
Thus, at a low degree of ionization, the ratio of non-charged segments to charged
segments will increase and more overall material will be adsorbed for a given surface
charge density [58]. However. the degree of ionization can not continue to decrease with
out bound. At some point, the chain will become effectively neutral and there will be no
electrostatic driving force for adsorption. The point at which this occurs will be
dependent on the amount of counterions present to shield or displace the electrostatic
segment of the chain. This critical salt concentration at which this occurs can be

calculated as {59]
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Above this salt concentration, adsorbed films will become displaced by the counterions
present and the adsorbed amount will decrease. The combination of the two interactions
described in the above equations will then give rise to a maximum in the adsorbed
amount at a certain degree of ionization under low ionic strength conditions. At higher
ionic strength conditions, the peak will decrease in magnitude and shift to higher degrees
of ionization until eventually it is no longer observed. The change in the amount adsorbed
with decreasing degree of ionization or increasing ionic strength is expected to
correspond with the change from flat chain configuration involving long trains and smail
loops and short tails to a more loopy structure consisting of only a few trains and many
long loops and tails. In this and all subsequent discussions, the former conformation is
not expected to have a molecular weight dependence on the layer thickness [(N ¢)°] while
the latter is expected to have a weak molecular weight dependence [up to (N ¢ )”2] [60].
The effect of surface charge on adsorption for electroadsorption is summarized in Table
1.3.

The second case of polyelectrolyte adsorption to consider is the case were there is

a non-electrostatic surface attraction contributing to the adsorption (x¢>0). For this case,

the non-electrostatic surface attraction can work against the electrostatic interactions to
cause adsorption on repulsively charged substrates, it can work with the electrostatic
interaction to cause tighter binding of the adsorbed polymer to the oppositely charged
surface, or it can work despite the electrostatic interactions to cause adsorption on neutral
substrates. When the surface is neutral there is no electrostatic interaction with the surface
force to promote or inhibit adsorption. But, there is repulsion between the polymer
segments. This mutual repulsion causes a barrier to adsorption near the surface as the

eff.

surface interaction parameter , increases to x,°  (less attraction to the surface) and the

“f due to the swelling of the polymer (effectively

solvency parameter Y, decreases to x
becoming a better solvent), both of which inhibit adsorption. However, with the addition

of salt, the mutual repulsion is screened both in the solution to make the solvent
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effectively worse (x°™ increases) and at the surface to lower the barrier to adsorption to
the surface (xs"'"‘ decreases). This gives an overall increase in the amount adsorbed which
is predicted to scale with the square root of the salt concentration past a threshold amount
of salt [53]. Such a trend has been observed for SPS on several neutral surfaces [43].
Because of the residual electrostatic repulsion of the segments at low ionic strength, the
conformation of the adsorbed chains are expected to be very flattened with short loops,
long trains, and very few tails in order to maximize the surface attraction and minimize
the repulsion between the loops and tails. However, with increased ionic strength, the
repulsion of loops and tails will be screened and the adsorption will approach that of an
uncharged polymer which has m;lny loops and tails. One would expect at low ionic
strength that the adsorption onto a repulsively charged surface would occur only when the
repulsion is small in comparison to the non-electrostatic surface attraction. But, with the
addition of salt, both the segment-surface and the segment-segment repulsion will be
screened and adsorption will become more likely. A similar chain conformation change
as was predicted for the case of a neutral substrate should also occur.

For an oppositely charged substrate at low ionic strength, the adsorption behavior
of a substrate with a non-electrostatic surface attraction is very similar to the case of pure
electroadsorption described previously. In both cases, the amount of material adsorbed is
primarily determined by the charge compensation between the surface and the polymer
molecule and is observed to have a maximum at some low degree of ionization. However,
due to the added attractive interaction, the substrates which have a non-electrostatic
surface attraction are predicted to have slightly higher adsorption maximum at slightly
lower degrees of ionization and to have better packed layers composed of molecules with
flatter conformations [55].

At higher ionic strength conditions, the difference between pure electroadsorption
and having a non-electrostatic surface attraction can become quite significant. In the
former case, a high ionic strength caused displacement of the adsorbed polymer
molecules. In the latter case there will be a critical value of ¥ , X" , which marks the

‘.

transition from the “screening-reducing” regime, in which adding salt decreases the

amount of adsorption due to the competition for surface sites between the polymer



molecules and the more numerous salt ions, into the “screening-enhancing” regime, in
which adding salt increases the amount of material adsorbed by screening the repulsion of
the loops and tails of polymer molecules which now have enough preferential adsorption
to compeie with the more numerous salt ions and remain adsorbed. Considering that most
of the sequentially adsorbed layers increase in thickness with the addition of salt, this case
of adsorption is particularly relevant. Within this “screening-enhancing” regime the layer
thickness should vary with the squart root of the salt concentration as was observed for a
neutral substrate. These trends with surface charge and non-electrostatic surface
attracction are also summarized in Table 1.3.

Other adsorption details which must be considered and which have relevance to
sequential adsorbed films include the change in dissociation behavior of weak
polyelectrolytes close to the surface, the influence of adsorbing onto a polymeric surface ,
and the level of charge overcompensation. The degree of dissociation of a weak
polyelectrolyte will be dependent on the pH of the local environment which may differ
widely between a surface and the bulk solution. Therefore, it has been theoretically
predicted [53] and experimentally observed [61] that weak polyelectrolytes will readjust
their level of dissociation (o) in an attempt to neutralize an oppositely charged surface
because of the difference in local pH. This results in an adsorption maximum at roughly
1-1.5 pH units below the apparent pK, for polyacids (above pK, for polybases). The
converse of this situation in which weak dissociating acidic groups are confined to a
surface is even more complicated. While a decrease in dissociation relative to their dilute
solution properties will be experience due the groups proximity to one another [62], an
increase in dissociation relative to this decreased amount should still occur in the
presence of an adsorbing polybase due to the change in local pH.

Up to this point adsorption has been assume to occur on a flat surface with
uniform charge. However, for sequential adsorption the loops, tails, and trains of the
preceding layer become the surface for the currently adsorbing film. While a rougher
surface will lower the entropic penalty to adsorption [63], a comprehensive model which
takes into account all the variables of sequential adsorption has not yet been presented.

One of the challenges that will have to be dealt in producing such a model is the level of
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charge overcompensation. This factor is of extreme importance to the process of
sequential adsorption and lack of consideration of it is probably the main reason that
sequential adsorption was predicted to only occur for, at most, a few layers before the
attraction decreased to the point where the process no longer occurred [20]. Instead
sequential layering has been used for a large amount of different materials to produce
films sometimes over two hundred layers thick.

Though overcompensation is discussed further in the next section, it is pointed out
here that even in the case of a highly charged polyelectrolyte on a oppositely charged
surface which has a relatively flat conformation, not all the charged segments will be
paired with oppositely charged surface sites to completely neutralize the surface due to
entropic and steric constraints. Therefore, a slight charge overcompensation could still
occur on the adsorbed film surface even when the total number of surface charges and
polymer charges are equal due to the undercompensation of the substrate surface. Such
overcompensation has been experimentally measured to be as large as 50% and to be
relatively independent of polymer molecular weight and charge density [64] In the self-
consistent field lattice model, the theoretical overcompensation is expected to be very
slight, to occur at low degrees of ionization when there is a significant non-electrostatic
surface attraction, to be stabilized by the presence of salt ions, and to depend on the
placement of charges along the polymer [55,65]. Further details of adsorption which have

bearing on sequential adsorption will be discussed in the following section.
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1.4 Layer-by-Layer Sequential Adsorption

Though the nature of the adsorption of a polyelectrolyte to a surface is dependent
on a multitude of parameters which offer a high degree of processing flexibility,
individual adsorbed layers are, on the whole, of limited practical use. However, one way
that the adsorption process can be used to make thicker and more useful films is through
the formation of multi-layered films. Having been first performed with colloidal particles
of silica and alumina by [ler, multi-layered films can be fabricated by the alternate
adsorption of positively charged species with negatively charged species [66]. Through
this early work (1966), selective deposition of material onto an oppositely charged surface
and the linear build-up of material as a function of each adsorption cycle was shown. The
build-up was assumed to occur by the repeated reversing of the surface charge by
adsorbed species. Once the charge is reversed through the formation of a monolayer,
subsequent species of the same charge will be repelled. Thus, when the substrate is rinsed
after the deposition, the repelled material will be removed while the adsorbed layer of
material will be retained.

The extension of this technique to polyelectrolyte multilayers was not realized
until over 20 years later. During that time, it was thought possible that a polyelectrolyte
may expose sites at the surface of an adsorbed layer due to the conformational change
undergone when adsorbed, but that the activity of such sites would diminish with each
adsorbed layer [20]. However, Decher et al. disproved this concept when they showed
that at least 100 consecutively alternating layers could be assembled with a linear increase
in thickness by simply switching a rinsed substrate between a polyanion and a polycation
solution [1]. Figure 1.4.1 shows a schematic of this sequential adsorption process for a
substrate functionalized with positively charged amine groups. Note that while a thorough
rinsing is typically required to build a uniform film, the drying step in between dipping

the substrate into the polyelectrolyte solutions is not required.
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Figure 1.4.1 Schematic representation of the process of layer-by-layer sequential
adsorption.

Since this initial work, the field of sequential adsorption has enjoyed a rapid
growth as can be observed from Figure 1.4.2 which denotes the number of papers
published in this field per year since 1991. The reason for this technique’s popularity is
that it allows one to build ultrathin films with supramolecular structure involving a wide
variety of materials and to readily manipulate that structure by simply changing solution
parameters. It also has the added advantages over other film-forming techniques such as
spin-coating, Langmuir-Blodgett assembly, or solution casting, in that it can be applied to
any geometry of substrate, that the deposition time is independent of substrate area, that it
is usually performed with non-toxic aqueous-based solutions, and that it requires no
specialized equipment (though an automatic dipper is highly recommended!). The papers
denoted in Figure 1.4.2 represent the efforts (1) to understand the structure of sequentially

adsorbed multilayered films, (2) to extend this techniques capabilities to new classes of
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materials, and (3) to use such films in specific application which make use of their unique

properties.

T T T ' T v T T T /ﬁ
40 - b /- Outside Researchers i
[ =D~ Rubner Researchers |
35 F  [J-Total Publications .
» 30 L 1
a.
< 25 = i
a® - .
B 20} .
St s
S 15t -
E ~ b
=3
Z 10| .
5 - -
s u__— - O/ o
o 0--- o -
i 1 i | L 1 1 1 3 L

1991 1992 1993 1994 1995 1996

Year of Publication

Figure 1.4.2 Number of collected papers on the subject of Sequential
Adsorption published each year since 1991.

As mentioned in the preceding section, the process of sequential adsorption
requires a renewal of the interacting groups at the surface to produce the multilayer film
structure. While sequential adsorption based on hydrogen bonding [67] and biospecific
interactions [68,69] have been observed, we will limit the discussion to sequential
adsorption based primarily on electrostatic interactions. With these interactions, early

researchers considered layer-by-layer sequential adsorption to occur through an
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overcompensation of the surface charge due to ion-exchange of surface counterions with
a polyion which had steric or kinetic restraints which leads to exposed charged groups on
the surface [1]. Early measurements of such forces using a Surface Force Apparatus
(SFA), indicate that the charge reversal only occurs at a sufficiently high polyion
concentration (0.002M for SPS) [70]. However, more recent work has suggested that the
average surface charge is reversed simply by adsorbing an oppositely charged polyion due
to the presence of loops and tails which extend far into the solution [71]. This same work
suggests that the surface sites will not be completely filled due to the large activation
barrier imposed by the electrostatic repulsion of adsorbing more polyions and that the
process of sequential adsorption may be more accurately thought of in terms of the
formation of contact-ion pairs between a polyion and an oppositely charged site on a
surface which may contain both types of charged groups. Such a heterogeneous surface is
not considered in the Self-Consistent Field (SCF) lattice theory discussed in the previous
section. Currently it is not entirely clear which representation of sequential adsorption is
the most accurate. Therefore, the molecular mechanism of sequential adsorption will
continue to be an active research area.

As could be predicted from the previous discussion on single layer adsorption, the
solution parameters play a significant role in the structure of a sequentially adsorbed
multi-layered film. The solution parameter which is varied most often for strong
polyelectrolytes is the salt concentration. For example, when the amount of salt added to a
solution of poly(vinyl sulfate) (PVS) was increased, the resulting multi-layered film
assembled with poly(allyl amine) (PAH) significantly increased in bilayer thickness and
in roughness due to the electrostatic shielding promotion of loops and tails [72]). While a
few polycation-polyanion combinations require a small amount of salt to form a
multilayered film and others will stop building with such an addition, usually increasing
the salt concentration is used as a way to fine tune the bilayer thickness [73]. The other
variable which can have a large effect on bilayer thickness for weak polyelectrolytes is
the solution pH. Because the majority of the field of self-assembly has focused on strong
polyelectrolytes, this parameter has not been manipulated often in the past. However,

recently, the Rubner group has taken a comprehensive approach into determining the
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effect of solution pH on the structure of multilayered films of weak polyacids. Results of
this study indicate remarkable flexibility in changing individual layer contributions and
will be discussed in the Chapter 2 of this thesis.

Early structural analysis of sequentially adsorbed films of strong polyelectrolytes
investigated by x-ray and neutron reflectivity revealed that continuous molecular layers
could be achieved with well defined supramolecular structure. For the system of
poly(allyl amine) (PAH) and poly(styrene sulfonate) (SPS) deposited under high ionic
strength conditions (2M NaCl), it was determined that the deposition starts off with much
thinner layers near the substrate, but quickly reaches an equilibrium thickness that persist
for the rest of the deposition. The thickness of the individual layers was estimated and the
level of mixing between them was estimated to represent only 20% of the total bilayer
thickness [74]. Subsequent structural studies on the same polyion combination using
other analytical techniques have yielded vastly different estimates of the level of mixing.
The details of these studies will be discussed in more detail in Chapter 4 in a comparison
of my own estimates of the level of interpenetration made through energy transfer
experiments for a variety of polyion combinations.

Another structural attribute of multilayered films which early researchers
highlighted was the incredible smoothness of these films. Claims of being able to smooth
out an 18A rough air/glass interface to a 4.5A rough film/air interface through sequential
adsorption [74] called into question whether the fit to the X-ray data was accurate,
especially in light of the higher roughness values obtaine by AFM. However, despite the
absolute value of the roughness and/or the level of interpenetration, this early work was
successful in putting forth the general concept of a sequential adsorbed film as having
thinly deposited first bilayer(s), followed by bilayers of uniform thickness characterized
by a certain volume percent of each component with a certain level of interpenetration at
their interface.

The components used for sequential adsorption have been extended well beyond
simple polycations and polyanions. Some of the classes of materials which were
sequentially adsorbed outside our research group include positive and negatively charged

inorganic colloids [66], bipolar amphiphiles and polyelectrolytes ([75], anionic
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amphiphiles and cationic amphiphiles (no polyelectrolytes) [76], layered protein
structures held together with polyelectrolyte "glue" [77], DNA-polyelectrolyte layered
structures [78], polypeptides with charged dyes [79], charged viruses with
polyelectrolytes [80], dendrimers with re-activated dendrimers [81], semiconducting
nanoparticles with polyelectrolytes [82], semiconducting nanoparticles with bipolar
bolaforms [83], clay platelets with polyelectrolytes [84], exfoliated zirconium phosphate
with polyelectrolytes [85], metal colloids with polyelectrolytes [86], cross-linkable
amphiphiles [87], and silicate sheets with polyelectrolytes {88]. Some of the applications
of sequentially adsorbed films which have been pursued outside our research group
include optical limiters [79], immobilized active enzymes for increased catalytic
efficiency [89], protein-based electronic devices (biosensors) [90], sequentially adsorbed
polymer waveguides [91], humidity detectors ([92], asymmetric gas separation
membranes [93], and non-linearly optically active films [94].

Within the Rubner group, work on self-assembly has focused on electroactive
polymers and dyes for applications which include organic light emitting diodes,
photovoltaics, ultra-thin devices utilizing conducting polymers, and surface property
manipulation. It has been shown that p-doped underivatized conjugated conducting
polymers can be assembled with non-conjugated polyelectrolytes [95,96], with non-
conjugated non-ionic hydrogen bonding polymers, or with derivatized conjugated
polymers [97]; that derivatized conjugated polymers can be assembled with themselves or
with ordinary polyelectrolytes [98,99,100]; that precursor polymers can be assembled
with non-conjugated polyelectrolytes, underivatized p-doped conjugated polymers,
derivatized conjugated polymers, and other precursor polymers [101]; that charged dye
molecules can be assembled with polyelectrolytes [102]; that thin films with a
conductivity as high as 300 S/cm can be fabricated [103]; that heterostructures of
alternating blocks of conducting layers and insulating layers can produce conduction
anisotropy of 1010 (in-plane vs. through plane) [104]; that films can easily be assembled
onto a complex, non-planar geometry [105]; that light emitting diodes (LEDs) can be
made with self assembled films [106,107]; that heterostructures can be built to optimize

the LED operation and efficiency [108], that there can be excited state interactions
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between layers [109], and that the properties of the film surface can drastically and
consistently be change through the adsorption of single layer several angstroms thick
[110].

The objective of this thesis is (1) to relate the molecular parameters and the
solution processing parameters to the structure of the resultant sequentially adsorbed film,
(2) to extend the process of sequential adsorption to include new and novel materials,
and (3) to then use these sequentially adsorbed films in electroactive devices. Chapter 2
will Lighlight fundamental studies undertaken to relate molecular parameters, such as the
ionizable functional group type and the polymer molecular weight, and polyelectrolyte
solution parameters, such as solution concentration, pH, and ionic strength, to the
resultant structure of the sequentially adsorbed film. Chapter 3 will extend the types of
materials used for sequential adsorption to include polyimide precursors and discussed
their properties. Chapter 4 will estimate the level of penetration between adsorbed layers
using non-radiative energy transfer. And, Chapter 5 will discuss the electroactive
properties of these sequentially adsorbed when they are incorporated into light emitting

devices.
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Chapter 2. - The Effect of Molecular Parameters and Solution
Conditions on the Sequential Adsorption

i
1]

2.1 Introductory Remarks

As mentioned in Chapter 1 of this thesis, the technique of sequential adsorption
has been used on a variety of materials for a diverse set of applications. Within this thesis,
sequentiai adsorption is used primarily for polyelectrolytes which can be distinguished
from one another in terms of their charge type, their relative dissociation of their ionizable
functional groups, and their chemical rigidity. The chemical structures of snme of the
polymers assembled within the Rubner research group are displayed in Figure 2.1.1 in
relative terms of these variables. These polymers include flexible non-conjugated polyions,
precursor polymers, p-type doped conducting polymers, and derivatized conjugated
polymers. Within this chapter, the effect of molecular weight, solution pH, and solution
ionic strength on the multilayered structure of sequentially adsorbed films of flexible, non-
conjugated polyions will be examined. More specifically, the sequential adsorption of the
strong polycation of poly(allylamine hydrochloride) (PAH) with the weak polyanion of
poly(methacrylic acid) (PMA) and with the strong polyanion of sulfonated polystyrene
(SPS) will be studied. The chemical structures of these polymers can be viewed in Figure
2.1.2.
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Figure 2.1.2 Chemical structures of poly(methacrylic acid sodium salt) (PMA),
poly(allyl amine hydrocloride) (PAH), and poly(siyrene sodium sulfonate)
(SPS).

2.2 Experimental

The poly(methacrylic acid sodium salt) with a molecular weight of 15K was
received from Aldrich as a 30% aqueous solution. The poly(styrene sodium sulfonate)
with a molecular weight of 70K and the poly(allyl amine hydrochloride) with a molecular
weight of 50-65K were received from Aldrich in powder form. The poly(methacrylic acid)
with a molecular weight of 100K, the poly(styrene sodium sulfonate) with a molecular
weight of 500K, and all low polydispersity (Mw/M, = 1.10) poly(styrene sodium sulfonate)
samples were received from Polysciences as powders. All sulfonated polystyrene (SPS)
solutions were diluted with 18 MQ Milli-Q water to a concentration of 0.01 M (monomer
moles per liter), pH adjusted to 2.0-2.5, and syringe filtered through a 0.45 pm membrane.
The poly(methacrylic acid) (PMA) and the poly(allylamine hydrochloride) (PAH)
solutions were made through dilution with 18 MQ Milli-Q water to a concentration of
either 0.01M or 0.005M, were pH adjusted to 3.5 (unless otherwise noted), and vacuum
filtered through a 1 pm membrane. All solutions were tiltered immediately prior to use.

Substrates used for sequential adsorption included hydrophilic glass slides and
hydrophilic single crystal silicon wafers. The hydrophilic glass slides were prepared by
submerging standard microscope glass slides in a 7:3 solution of concentrated sulfuric acid
and 30% hydrogen peroxide (a piranha solution) for one hour, rinsing in Milli-Q water,
and then placing them in a boiling solution of 5:1:1 Milli-Q water: concentrated

ammonium hydroxide: 30% hydrogen peroxide for 30 minutes. [Special care should be
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taken in making and using the piranha solution due to its exothermic and highly reactive
nature.] The slides were thoroughly rinse with Milli-Q water, dried with filtered
compressed air, and then stored in air until used. The silicon substrates were cleaned and
rendered more hydrophilic though submersion into a saturated solution of chromium
trioxide in concentrated sulfuric acid for at least 4 hours. Immediately before use, the
silicon substrates were taken out of the cleaning solution, thoroughly rinsed with Milli-Q
water, and then dried with compressed air. To promote film build-up, preparatory layers
of PMA and PAH were sometimes adsorbed to the substrate surface prior to use from
0.005M solutions with a pH of 3.5 and no added salt.

Using a modified sample holder, the substrates were dipped into the proper
polyelectrolyte solutions and rinsed with Milli-Q water using an Zeiss HMS Programmable
Slide Stainer purchased from Fisher Scientific. The substrates were dipped into the
polyelectrolyte solution for 15 minutes followed by rinses in three separate static water
baths for 2 minutes, 1 minute, and 1 minute each with slight agitation. The water in the
rinse baths was typically changed after every five rinses. Occasionally, a gradient approach
for the rinse baths was used in which the second and third rinse baths of the first series of
five rinses was used as the first and second rinse baths of the second series of five rinses
with a tresh bath used for the third rinse. No difference between the first method and the
gradient method of rinsing was observed. Occasionally, the rinse water was pH adjusted to
the pH of the solution to minimize the solution pH drift which is sometimes observed.
Additionally, the “Flow Through” bath, in which dcionized water continuously flowed,
was occasionally used for the third rinse for both polycations and polyanions. When used,
the substrates were submerged in the “Flow Through” bath for 10 minutes - a time
calculated to be more than adequate for the removal of any rinsed polyelectrolyte from the
bath.

Once assembled onto the substrates, the polymeric films were characterized using
profilometry, ellipsometry, contact angle mecasurements, and UV-Visible spectroscopy. A
Sloan Dektak 8000 profilometer with a 2.5 pm stylus with a weight of 10 mg and a
medium scan rate was used to determine the step heights of scratched films on hydrophilic

glass and silicon substrates. A Gaertner multiple wavelength ellipsometer was used to
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determine the index of refraction and film thickness of the films assembled on silicon. An
index of refraction of 1.550 was assumed for films below 200A due to the fact that the
ellipsometer had trouble converging to consistent values for both the film thickness and
index of refraction for such thin films. A VCA2000 contact angle measurement system
with camera and measurement software obtained from Advanced Surface Technology was
used to determine the hydrophilicity of the film surface through the measurement of the
angle that a drop of water made with the surface. An Oriel Multispec multi-channel
analyzer with a halogen source, a spectral range of 300 - 800 nm, and a resolution of 0.2
nm was used to measure the relative amount of methylene blue, a positively charged dye

molecule, that was adsorbed onto a surface after assembly as will be described below.

2.3 The Effect of Molecular Weight and Selution lonic Strength on
Sequentially Adsorbed Films of Strong Polyelectrolytes

2.3.A Introductory Remarks

As mentioned in Chapter | for the case of single layered adsorption on a flat
impenetrable surface, the expected dependence of the adsorbed film thickness on the
molecular weight (M) will be dependent on the conformations found in the film. For
example, an adsorbed film with a relatively flat structure involving many directly adsorbed
segments and only a few short loops and tails would be expected to show no molecular
weight dependence (M®) because both short and long chains can cover the surface equally
well. However, when the structure of the chains changes to one with fewer directly
adsorbed scgments and many long loops and tails, a molecular weight dependence would
be expected because the long chains arc better able to make long loops and tails than are
short chains. If the adsorbed chains, are extremely coiled with only a few directly adsorbed
segments, then the conformations are similar to those found in solution and the film
thickness would be expected to vary as M®® near theta conditions as has been
experimentally observed for SPS on platinum [16]. In an even further extreme where a
polymer “brush” is created, in which only one end segment is attached to the surface, the

molecular weight dependence on the film thickness approaches M" ° [60].
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In the case of sequential adsorption, where adsorption occurs on top of a
previously adsorbed polymer molecule, rather than on a flat uniformly charged substrate,
the adsorption process can be more complicated. In addition to the strict definitions of
trains, loops, and tails being confused due to the three dimensional porous nature of the
surface, additional factors need to be considered. For example, a change in the thickness
contribution of one polyelectrolyte layer might cause a corresponding change in the
thickness of the oppositely charged polyelectrolyte. Likewise, the molecular weight of the
polymer molecule may affect the bilayer thickness by changing the extent of penetration
into adjacent layers. Penetrated segments would be expected to contribute to the
molecular weight dependence of the thickness in a manner similar to that of the tails and
loops of a single adsorbed layer. However, penetrated segments have the distinct
difference that they would be burrowed into adsorbed material instead of dangling at the
surface and therefore should be more dependent on the nature of the adjacent layers.
Finally, in the case of films where low molecular weight chains have difficulty building due
low surface overcompensation and/or a higher probability of desorption, an increase in
molecular weight could simply cause an increase in bilayer thickness through a

stabilization of the sequential adsorption process.

2.3.B. The Effect of Polyanion Molecular Weight on Bilayer Thickness

Within this section, a study of the effect of varying the molecular weight and
polydispersity of sulfonated polystyrene (SPS) on the bilayer thickness of sequentially
adsorbed films of SPS with poly(allylamine hydrochloride) (PAH) is made under several
different SPS solution ionic strength conditions. This polyanion/polycation combination
was chosen based on the availability of literature data on both single layer SPS adsorption
and SPS/PAH bilayer sequential adsorption from which a comparison will be made to the
results obtained here. Each SPS/PAH film was built on cleaned silicon and hydrophilic
glass substrates which had at least one preparatory bilayer of poly(methacrylic acid)
(PMA) and PAH - an amount which has previously been shown to provide a good surface
for the adsorption of highly charged polyelectrolytes. Both the PMA and PAH layers were

adsorbed from solutions with a concentration of 0.005M (based on the monomer repeat



unit) and a pH of 3.5 with no added salt. These same PAH solution parameters were also
used to build-up bilayers with SPS. No build-up was observed at basic SPS solution pH
values (pH>7) for substrates both with and without *“prep” layers. This lack of build-up is
believed to be due to the lower charge density of the adsorbed PAH when placed into the
basic SPS solution. Therefore, each 0.01M SPS solution was adjusted to a pH of 2.0 and
the bins of rinsing water were matched to the pH of their respective polyelectrolyte
solutions. Films were built-up to a final thickness of around 200A with low polydispersity
SPS molecular weights of 35K, 100K, 400K, and 1 M and higher polydispersity SPS
molecular weights of 70K and 500K. Films were also assembled with low polydispersity
SPS with a molecular weight of 4.6K, but will not be included in the data presented here
because of their tendency to stop building. This is believed to be due to their higher
probability for desorption.

As can be seen in Figure 2.3.1 for the case of low polydispersity SPS with no salt,
the bilayer thickness, as measured by ellipsometry at 630 nm, is generally low with a
constant bilayer thickness of 6 to 8 A. The lack of a molecular weight dependence (M*%)
was expected for films with such flat conformations and the measured bilayer thickness
differs only slightly from the literature value of 10.9A which was achieved for films built
on aminosilane functionalized surfaces and measured by Small Angle X-ray Reflectivity
(SAXR) [111]. The fact that the bilayer thickness measured by ellipsometry of 6 to 8 A is
less than the summation of the molecular cross-sections of the two polyions implies that
either full surface coverage was not achieved or that the sites left empty by previous
adsorption steps are filled in by subsequent adsorption steps.

When 0.1 M NaCl was added to the SPS solution and the conditions were kept
constant for the PAH, thicker bilayers were obtained with a molecular weight dependence
similar to the “no salt” case. The relatively constant bilayer thickness of 9-11A was more
consistent with the full substrate coverage, but the molecular weight dependence was still
negligible at M*®. With another increase in NaCl concentration of the SPS solution to 1.0
M, the bilayer thickness increased to 10-19A and began to show a slight molecular weight
dependence of M*'®. When the amount of NaCl added to the SPS solution was increased

even further to 2.0 M, the lower molecular weight samples were unchanged in thickness
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while the higher molecular weight samples continued to increase, to give an overall
expanded bilayer thickness range of 10-22A and a molecular weight dependence on the
bilayer thickness of M ®Z. If the films made with a SPS molecular weight of 1 million are
excluded from consideration due to concerns over being close to the semi-dilute solution
regime, of having a much larger range of molecular weights for the same measured
polydispersity (MW/M, = 1.10), and of requiring more time to rearrange into a
thermodynamically favored conformation, then the dependence of the bilayer thickness on
the SPS molecular weight goes from M*® under conditions where no salt was added to
the SPS solution to M®*° under condition where 2.0 M NaCl was added to the SPS
solution.

While the molecular weight exponents should not be taking as definitive values due
to the large scatter between the limited number of data points, the increase in molecular
weight dependence with increasing ionic strength does appear to be a real trend. This
trend can most clearly be observed through consideration of films made with a SPS
molecular weight of 35K and 400K. Under conditions where no additional salt was added
to the SPS solutions, the bilayer thickness of the 35K and 400K SPS films are the same
(7A). However, when 2M of NaCl are added to the SPS solutions, the bilayer thickness of
the 400K SPS films (21 A) is over double that obtained for the films made with a SPS
molecular weight of 35K (9A). This clearly demonstrates a negligible dependence of the
bilayer thickness on the molecular weight for conditions which lead to tlat conformations
and a significant dependence for conditions which lead to loopy conformations.

The bilayer thickness values measured here by cllipsometry for a SPS molecular
weight of 100K (7A at no salt, 16A at 1.0 M NaCl, and 15A at 2.0 M NaCl) are thinner
than those reported for SPS/PAH on aminosilane functionalized surfaces as measured by
SAXR (11A at no salt, 18A at 1.0 M NaCl, and 23A at 2.0 M NaCl). The small
disagreement between these two sets of values can likely be attributed to differences in
substrate type, processing procedure, and/or the technique used for thickness
measurement. Despite these differences, an increasing SPS molecular weight dependence
would still be predicted for the increasingly thicker SPS/PAH bilayers. However, a thicker

bilayer does not necessarily always imply a stronger molecular weight dependence. For
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example, a similar SPS molecular weight study for sequentially adsorbed films of p-doped
polyaniline and SPS showed no molecular weight dependence for films with an average
bilayer thickness of 41A made under low ionic strength conditions [112]. This suggests
that the molecular weight dependence has more to due with the SPS chains adopting a
more loopy configuration through an increase in the jonic strength of the SPS solution

than with the resultant bilayer thickness.
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Figure 2.3.1 Log-Log plot of the SPS/PAH bilayer thickness as a
function of the SPS molecular weight (low polydispersity) for NaCl
concentrations in the SPS solution of 0 M (no added salt), 0.1 M,
1.OM, and 2.0 M.
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Not unexpectedly, similar behavior to that observed in SPS/PAH bilayers has been
exhibited for the single layer adsorption of SPS on various substrates under a variety of
solution conditions. Aside from results of SPS adsorption on platinium which gave a M**
at only 0.1M NaCl [113], a negligible molecular weight dependence on the amount
adsorbed is observed for films adsorbed onto both neutral and oppositely charged
substrates under low ionic strength solution conditions (<0.5 M NaCl) [17,43]. At higher
ionic strength levels, SPS films on neutral surfaces, such as poly(oxymethylene) and
isoelectric silica, showed an increase in the amount adsorbed with SPS molecular weight
corresponding to a molecular weight dependence of M®*" at a NaCl concentration of 2 M
[114,115]. Little information is present in the literature regarding the molecular weight
dependence of SPS on oppositely charged surfaces. However, because an eclectrostatic
attraction to the surface tends to decrease this molecular weight dependence, the exponent
value for the neutral substrate can be considered to represent an upper limit for the case of
an oppositely charged substrate. This is in good agreement with the results obtained for
sequentially adsorbed multilayered films.

When more polydispersed SPS samples are sequentially adsorbed under identical
conditions, a slight variation to the behavior exhibited by the low polydispersity samples is
observed. At low ionic strength, the more polydispersed samples stop building or give a
significantly lower bilayer thickness than the low polydispersity samples as indicated in
Figure 2.3.2. However, at higher ionic strengths they become comparable to, or even
slightly thicker than, the predicted low polydispersity bilayer thickness. This bchavior is
consistent with a transition from a mass transport limited kinetic regime to an attachment
limited kinetic regime. For example, at low ionic strength, the adsorption process is mass
transport limited with the smaller chains adsorbing to the surface first because they can
diffuse to the surface faster. Once adsorbed, no exchange with higher molecular weight
chains occurs due to kinetic barriers. However, when salt is added to the adsorbing
solution, the molecules in solution are less swollen and the diftusion rates increase to the
point that mass transport is no longer the rate limiting step. Either the process of
attachment to the surface or rearrangement of the adsorbed polymer molecules will then

dominate the kinetics. The fact that larger bilayer thickness values are obtained for the
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SPS samples with higher polydispersity under high ionic strength conditions suggests that
the molecular weight exchange reactions which are characteristic of rearrangement
dominated kinetics may be occurring on the time scale examined. Though this is a subtle
effect for the case examined, it could be much larger for polymers with an even broader or

bimodal molecular weight distributions.
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2.3.C. The Effect of Polyanion Solution lonic Strength on Bilayer Thickness

Up this point the above data has been interpreted in terms of the molecular weight
effects for a given solution ionic strength. However, the same data can be recast to give
information regarding the influence of ionic strength on the film thickness for a given
molecular weight polymer. From the single layer adsorption theory discussed in Chapter 1,
the SPS layer thickness is expected to increase with the square root of the ionic strength
(thk ~ Kc.%). From Figure 2.3.3, it can be observed that such a trend is present for films
made with a SPS molecular weight above 35K and an ionic strength less than 2M NaCl to
give K=9-12. Films made with SPS solutions containing 2M of NaCl appear to have a
weaker dependence on the solution ionic strength. This is similar to the decreasing ionic
strength dependence observed for the radius of gyration of polyelectrolytes in solution at
increasingly higher ionic strength values which was discussed in Chapter 1 and can be
linked to the approach of a saturation in the shielding effect of the salt ions. The plateau
bilayer thickness achieved for SPS/PAH films fabricated with a SPS molecular weight of
35K and a solution ionic strength of < 0.1M NaCl can likely be attributed to reaching a
limit to the average length that loops and tails can form.

It should also be noted that these results are very different from those reported by
Decher and Lvov for a SPS molecular weight of 100K which gave an ionic strength
dependence on the SPS/PAH bilayer thickness which was proportional to the ionic
strength squared (thk ~ K; ¢,’) rather than to the square root of the ionic strength that was
predicted by single layer adsorption theory [111]. In addition, they also suggested that
strong polyanions and polycations at low ionic strength have a stoichiometry which
approaches 1:1 in charge, but assumed that the layer thickness ratio and charge
stoichiometry could simply be varied by increasing the thickness of onc polyion
independently of the other through the addition of salt to just one solution. [111]. The
linear increase in bilayer thickness with the square root of the ionic strength exhibited for

SPS molecular weights of above 35K is consistent with that assumption.
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Figure 2.3.3 SPS/PAH bilayer thickness as a function of the square root of
the NaCl concentration in the SPS solution for SPS molecular weights of
35K, 100K, 400K, and 1M.

Recently, McCarthy and coworkers confirmed that the layer thickness ratio could
be changed through the addition of salt to one solution for SPS/PAH films on a neutral
substrate [116]. In contrast, Fleer and coworkers have concluded that the charge
stoichiometries of highly charged polyelectrolytes are dictated by the polycation/polyanion
pair and that the layer thickness ratio will remain constant with changes in surface charge,
the order of layer adsorption, or the ionic strength [117]. However, Fleer and coworkers
used relatively low ionic strength conditions and simultaneously changed the ionic strength
of both polyanion and polycation solutions. Therefore, this study may still be consistent
with the others. Taken together, these studies seem to imply that when the ionic strengths

of the polycation and polyanion solutions are equal, a certain stoichiometry exists between
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the thickness of the layers and between the charges. But, the stoichiometry can be
significantly changed when the ionic strength of one polyelectrolyte significantly differs
from the other. This change in the layer thickness ratio with a change in the *realized”
charge density of a molecule by electrostatic screening is analogous to the case considered
in the next section of changing the layer thickness ratio with a change in polymer charge
density through solution pH.

Overall, this section illustrates that for the sequential adsorption of strong
polyelectrolytes, no significant molecular weight dependence of the film thickness occurs
at low ionic strengths conditions, but that a significant molecular weight dependence exists
at higher ionic strengths. This measured molecular weight dependence was shown to be
similar to that observed for single layer adsorption. Moreover, the increase in bilayer
thickness for high molecular weight SPS was shown to scale with the square root of the

salt concentration, as also predicted from single layer adsorption theory.

2.4 The Effect of Solution pH on the Structure of Films Containing a
Weak Polyacid

2.4.A. Introductory Remarks

While the structure of sequentially adsorbed films of strong polycations and
polyanions can be manipulated through variation of the solution ionic strength and
molecular weight as discussed in the previous section, weak polyelectrolytes have the
additional capability of manipulating their structure through a change in solution pH.
Within this section, the sequential layering of the weak polymer acid, poly(mecthacrylic
acid) (PMA), with poly(allylamine hydrochloride) (PAH) under a varicty of different pH
conditions will be discussed. In this particular case, values for both the individual layer and
the bilayer thickness will be measured in an ecffort to fully understand the complex
behavior that changing the solution pH has on the structure of the multilayered film. The
resultant structure can than be compared to a prediction made from theoretical models to

gain insight into the molecular mechanism of sequential adsorption.
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2.4.B. Mechanisms of Sequential Adsorption

Two types of limiting behavior can be imagined for sequential adsorption. Firstly,
the adsorption of a molecule onto an oppositely charged adsorbed molecule could be
similar to the single layer SCF thermodynamic adsorption theory and be primarily
determined by the charge density (0,) and non-electrostatic attraction (),) of the
outermost surface. Or secondly, the adsorption process could be considered to occur
through the formation of acid-base contact-ion pairs as described by Lowack and Helm
[71]. As shown schematically in Figure 2.4.1, the major differences between surface
charge dominated and contaci-icn pair dominated sequential adsorption are that while
surface charge dominated behavior is based on assumptions of thermodynamic adsorption
to a surface layer of uniform charge density with little penetration into the underlying
layer, contact-ion pair dominated behavior in based on assumptions of “kinetically
hindered” adsorption driven by the formation of contact-ion pairs on a potentially
heterogeneously charged surface. Furthermore, the “kinetically hindered” nature of
contact-ion pair dominated adsorption allows for the possibility that many binding sites
which would have been filled under thermodynamic considerations, are left empty, and,
therefore, available for binding when additional layers are adsorbed which can result in an
overall structure which is very interpenetrated. Additionally, the level of charge
overcompensation at the film surface of the kinetically determined structure could
potentially be much higher than what is predicted under thermodynamic considerations.

One way to probe which behavior is controlling the adsorption process is to
observe the response that an adsorbing layer has to an increase in the thickness of the
underlying layer. For contact-ion pair dominated adsorption, a change in the thickness of
the underlying layer results in more binding sites for the formation of contact-ion pairs
with the incoming adsorbing molecules and thus to a thicker adsorbed layer as the system
tries to maintain charge stoichiometry (a constant ratio of positive to negative charged
functional groups). However, for surface charge dominated sequential adsorption, the
amount adsorbed will remain relatively constant as long as the outermost surface charge
does not significantly change. Of course, these predictions are only simplified notions of

very complex behavior, but they may still serve as a preliminary attempt to decipher the
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details of sequential adsorption which, as of now, are still unknown. For example, this
approach does not take into account any changes to the electrostatic repulsion between
the molecules trying to adsorb and the molecules already adsorbed which should play a
major role in determining the thickness of the final adsorbed layer for both of these
behaviors.

While no in-depth study relating changes in polymer charge density to layer
thickness ratio has been published for sequentially adsorbed films, such a change could
possibly be consistent with both surface charge dominated and contact-ion pair dominated
sequential adsorption. For example, with a change in the degree of ionization of one of
the polyelectrolytes under contact-ion pair dominated sequential adsorption, the charge
stoichiometry will attempt to be maintained, but the ratio of the thickness of the positively
charged laycr to the negatively charged layer will vary with the ditference in the degree of
ionization between the two polyelectrolytes. For surface charge dominated sequential
adsorption, the layer thickness ratio will also change as the thickness of the polymer which
undergoes a variation in the degree of ionization responds to that change independently of
the other polymer layer. However, the main difference between the two mechanisms is
that contact-ion pair dominated adsorption attempts to achieve charge stoichiometry
between the layers while surtace charge dominated adsorption does not.

One way to change the degree of ionization in order to cause such changes in the
layer thickness ratio is to synthetically tailor the number of fully ionized groups along the
backbone of a strong polyelectrolyte. However, a much easier way to change the number
of charged groups along a polymer backbone is to use a polyelectrolyte containing
ionizable functional groups with dissociation equilibriums and vary the solution pH. While
some consider both PAH and PMA 1o be weak polyelectrolytes because they both have
functional groups with ionic dissociation equilibriums [118], under the experimental
conditions used for his study, the PAH can be considered to be a strong polyelectrolyte
which is fully charged and pH independent. In fact, PAH is rather unique in comparison to
other polyamines, such as poly(cthyleneimine) (PEI) and poly(vinyl amine), in that it is

nearly fully charged (a=1) all the way up to a neutral pH [119]. The dissociation of PMA,
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Surface Charge Dominated Contact-Ion Pair Dominated
Sequential Adsorption Sequential Adsorption

Figure 2.4.1 Surface charge domirated and contact-ion pair dominated sequential
adsorption. Contact-ion pair dominated sequential adsorption allows for the possibility of
adsorption on heterogeneously charged substrates and extensive layer penetration. Surface
charge dominated adsorption is affected by surface properties only. The ellipses on the
right hand schematic denote contact-ion pair formation.
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however, is complicated by a strongly varying apparent pK, [19] and by a transition to a
globular form at &=0.15 to 0.30 which is due to either hydrophobic interactions [120] or
preferred conformations for hydrogen bonding [121]. From titration curves of PMA in
solution, the degree of ionization is extrapolated using the extended Henderson
Hasselbach equation of the previous chapter (Eq. 1.2.11) to be 5% or less (0<0.05) for
the pH values used in this study [122]. According to Fleer and coworkers, polymer charge
density below 5% can not even cause complexation for one bilayer {113], much less
provide a means for continued sequential adsorption for over a hundred bilayers as has
been personally achieved. However, it is not clear whether Fleer and coworkers took into
account the local pH increase which can occur in the proximity of a fully charged polymer
like PAH.

2.4.C. The Effect of Solution Concentration and PMA Molecular Weight on
Adsorbed Layer Thickness

Despite the predictions of others to the contrary, sequential adsorption of PMA
with PAH has been achieved under a variety of different solution conditions on many
different substrates. Studies examining the effect of dipping time, polyelectrolyte
concentration, and molecular weight on film structure have been undertaken. Dipping time
studies reveal that a self-limiting amount of PMA and PAH are adsorbed within 15
minutes and that no significant increase in thickness is observed for films dipped at longer
times. Therefore, polyelectrolyte dip times of 15 minutes were used for all of the films
mentioned here. The results of varying the solution concentration of both PMA and PAH
from 0.005M to 0.0IM for a constant PMA molecular weight of 15K and the result of
changing the PMA molecular weight from 15K to a 100K at a constant concentration of
0.01M are shown together in Figure 2.4.2 for films on silicon assembled with the PMA,
PAH, and rinse solutions all pH adjusted to 3.5. The measurements of total bilayer
thickness (dashed line) were calculated from the slopes of the lines fitted to all of the
thickness data as a function ot the number of bilayers, while the individual layer thickness
values (the bars in the bar chart) represent the average of measurements made before and

after the adsorption of a single layer. Using both measures of thickness, a weak
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concentration dependence can be observed from Figure 2.4.2. But, within the error of the
measurement (~3A), no PMA molecular weight dependence of the thickness is observed.
It is interesting to note that according to the experimental data taken, the 4A increase in
bilayer thickness with solution concentration is due to a 4A increase in the thickness of the
PAH layer and not the PMA layer. Though this increase is still small, it may indicate that
only the adsorption of PAH is sensitive to the solution concentration. Much larger and
statistically more significant changes in layer thickness can be made through varying the
backbone charge density though solution pH to both manipulate the resultant film

structure and to understand the nature of sequential adsorption.
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Figure 2.4.2 Layer thickness measured by ellipsometry for PMA and
PAH assembled at pH 3.5 on silicon as a function of polyelectrolyte
concentration and PMA molecular weight.
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2.4.D. The Effect of Soluticn pH on the Sequential Adsorption of PMA/PAH

In an attempt to understand the factors that dominate the sequential adsorption of
PMA with PAH, the thickness contributions of the individual layers of PMA and PAH
were measured by ellipsometry for films built on cleaned silicon as the pH of both the
PMA solution and the PAH solution were varied. The molecular weight of the PMA and
the PAH were held constant at 100K and 50-65K, respectively. Additionally, the solution
concentrations of both PMA and PAH were held constant at 0.01M. For films with a
PMA pH of 3.5 and a PAH pH of 3.5, the rinse solution was pH adjusted to 3.5 to avoid
pH drift. There were no significant thickness differences between these films and those
assembled carlier under identical conditions which did not use pH adjusted rinse water. All
other pH combinations of PMA and PAH used unadjusted rinse water (pH~5.5). All films
except those made with a PMA pH of 2.5, built up with a linear increase in thickness and
were very uniform and optically clear. The films made with a PMA pH of 2.5 became
cloudy and had a nonlinear build-up above 10 bilayers likely due to the excessively low
charge density along the polymer chain.

For each pH condition used, ellipsometry measurements were made on several
different silicon substrates for films built to varying thickness. The thickness of individual
layers were calculated based on film thickness measurements made before and after the
adsorption of a single layer. No significant film thickness difference was observed between
films which had been dried after several adsorption steps to obtain single layer thickness
data and those which remained wet until they reached their final film thickness.
Ellipsometry measurements made on films below 200A were made by fixing the index of
refraction to 1.55 - the average index of refraction found tor thicker films. The thickness
of the films on both silicon and hydrophilic glass which had been built up to 20 or 30
bilayers were also measured by profilometry. The bilayer thickness of films measured on
silicon and on hydrophilic glass by profilometry were an average of 32% and 25% thinner,
respectively, than those measured by cllipsometry on silicon. This disagreement can be
attributed to combination of the difference in experiraental technique used (optical vs.
mechanical) which in the past has been measured to be as large as 20% and to the

capability of these films to shrink by more than 20% through water loss, independent of
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the film structure [123]. To ensure that the films measured here had similar degrees of
hydration when measured, ellipsometry measurements were made immediately after the
films were pulled out of the last rinsing solution and dried with compressed air. The
thickness measurements made by profilometry were taken after all the films were stored at
room temperature in ambient humidity for several weeks and, therefore, are also assumed
to have similar degrees of hydration. The fact that the same bilayer thickness trends are
observed by both ellipsometry and profilometry further supports these assumptions.

The pH response of both the bilayer and the individual layer thickness as measured
by ellipsometry can be viewed in Figure 2.4.3. The dashed lines in Figure 2.4.3 denoted
the bilayer thickness as calculated from the slope of all of the individual thickness
measurements as a function of the number of bilayers. The individual layer thickness
contributions from PMA and PAH represent the average of 4 or 5 measurements made at
different values of the total film thickness, but in no way imply the existence of discrete
layers. The typical standard deviation of the single layer thickness values was measured to
be approximately 3A. Though the agreement between the sum of the average single PMA
and PAH layer thickness and the bilayer thickness as measured by the slope of the
thickness plot is acceptable, even better agreement can be found for films with 5 bilayers
or less as displayed in Figure 2.4.4. This seems to suggest that the structure of the
multilayered film may be perturbed at higher numbers of bilayers. Further experimental
evidence supporting this assertion will be discussed in the next section of this chapter.
However, such cffects do not change the overall trends exhibited in Figure 2.4.3.

As can be seen from Figure 2.4.3, there is an overall increase in bilayer thickness,
PMA layer thickness, and PAH layer thickness with a decrease in the PMA solution pH as
well as with an increcase in the PAH solution pH. This trend can be interpreted as being the
result of three intluences; (1) the variation of the charge of the previously adsorbed PMA
layer with changes in the pH of the PAH solution, (2) the increase in PMA adsorption
though a decrease in the PMA polymer charge density at decrcased PMA pH, and (3) a
tendency for more PMA to adsorb onto thicker PAH layers.
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First the adsorption of PAH onto an adsorbed layer of PMA is considered. For both
contact-ion dominated and surface charge dominated sequential adsorption, an increase in
the amount of PAH adsorbed with increasing PAH pH can be understood in terms of the
promotion of adsorption through a change in the degree of dissociation of the adsorbed
PMA segments. From the data in Figure 2.4.3 taken for films up to 30 bilayers thick, it can
be observed that the film structure is relatively the same when the PAH pH is either the
same or higher than the pH at which the PMA was adsorbed. This corresponds to the case
where the surface charge produced from the adsorption of PMA is either maintained (cells
along the plot diagonal) or increased (celis in the upper right) when placed into the PAH
solution. The films which have a PAH pH lower than the pH at which the PMA was
adsorbed (cells in the lower left) correspond to the case where the PMA charge is decreased
when placed in the PAH solution. Therefore, these films show significantly lower amounts
of adsorbed PAH. Because there was no consistent trend of increased adsorption with
increased underlying layer thickness for films which have the same difference between PMA
and PAH solution pH, it appears that this is a surface charge dominated effect.

Secondly, the adsorption of PMA onto a layer of PAH is considered. Because the
charges of the PAH segments are pH independent in solution for the conditions examined,
they are also assumed to be pH independent when part of an adsorbed molecule.
Theretore, for surface charge dominated adsorption on a monolayer of PAH, the thickness
of the PMA layer should only depend on the pH of the PMA solution with a lower pH
leading to a lower degree of dissociation and consequently a larger thickness. However,
for contact-ion pair dominated adsorption, the amount of PMA adsorbed should depend
on both the thickness of the underlying PAH layer and on the pH of the PMA solution
whereby a thicker PAH layer provides more sites for the formation of contact-ion pairs
with the charged PMA segments. It can be observed from cither Figure 2.4.3 or 2.4.4 that
the amount of PMA adsorbed is dependent on both PMA pH and PAH layer thickness
which implies that the adsorption of PMA onto PAH is dominated by the formation of

contact-ion pairs.
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In comparison, preliminary results for PAH and poly(acrylic acid) (PAA) have
shown surface charge dominated adsorption with roughly the same thickness of PAA
adsorbed at a given pH for PAH surfaces with varying thickness [124]. The likely reason
for the difference between PMA and PAA, which chemically differ only in the substitution
of a methyl group for a hydrogen, is the dissociation differences of the carboxylic acid due
o this local environment effect. From the titration curve, it can be observed that in
addition to the globular transition that PMA undergoes, the solution dissociation of PAA
is much higher than the PMA. At pH values were PMA in solution is calculated to have
only a degree of ionization of 5%, PAA is calculated to have a degree of ionization of
10%.

Instead of concluding that the adsorption of PMA onto PAH is driven by the
formation of contact-ion pairs, one could argue that the trends displayed in Figures 2.4.3
and 2.4.4 are the result of going from incomplete PAH coverage of 2-5A 1o complete
coverage of 5-12A. However, sessile water drop contact angle measurements of the films
on silicon suggest that all the films have roughly the same surface coverage. A more likely
explanation to account for the variation of PMA thickness with surface charge dominated
adsorption is desorption of the weakly bonded molecule when placed in the PAH solution
with a lower pH. While rapid desorption is usually not observed for well adhered
polyelectrolyte films, it can occur for weakly charged polymers on weakly charged
surfaces. It is interesting to note that the decrcase in PMA thickness scales with the
estimated amount of decrease in PMA charge density while in the PAH solution.
Correspondingly, the thinnest measured PMA layer is obtained for a PMA layer adsorbed
at pH 4.5 which is then placed in a solution of PAH at a pH of 2.5.

For contact-ion pair dominated sequential adsorption, the system is assumed to
approach a constant charge stoichiometry which can be related to the layer thickness ratio
with proper assumptions regarding the size and degree of dissociation of the polymers
used. However, because the layer thickness ratio (PMA thk :PAH thk) can be made to
fluctuate drastically when the thickness of the individual layers arc varied by only one
standard deviation (£3A), this experimental data may not be precise enough to discern

whether a constant charge stoichiometry exist. A more sensitive measurement technique
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would be needed to provide more accurate estimates of both the layer thickness ratio and
the charge stoichiometry. Taken as a whole, the pH response of the sequential adsorption
of PMA with PAH appears to be somewhere in between pure contact-ion pair dominated
behavior and pure surface charge dominated behavior. The adsorption of PAH onto PMA
is more consistent with surface charge dominated adsorption while the adsorption of PMA
onto PAH is more consistent with contact-ion pair dominated adsorption. Regardless of
which adsorption process ultimately dominates, changing the pH of the polyelectrolyte
solutions still provides an easy and effective way to manipulate the structure of
sequentially adsorbed films containing weak polyelectrolytes in a manner which, up to this
point, has not been fully realized in the literature.

An even more versatile way to change the structure of a sequentially adsorbed film
containing a weak polyelectrolyte, is to vary both the solution pH and the solution ionic
strength. A systematic study exploring these parameters has not been made. From the
limited data which has been taken, it appears that at higher pH values (~4.5) salt could be
added to the PMA and PAH solutions to increase the bilayer thickness to over 100A, but
that at lower pH values salt causes lack of assembly. This again shows the extremely

flexible nature of sequential adsorption.

2.4.E. Introduction to the Use of Contact Angle Measurements and Methylene Blue
Adsorption as Molecular Surface Probes of PMA/PAH Films

Further structural information on the PMA/PAH films made with various solution
pH values can be obtained through sessile water drop contact angle measurements and the
adsorption of the positively charged methylene blue dye. The use of contact angle
measurements is widespread both in research and industry 1o assess the wettability of a
surface. The technique usually involves placing a small drop of deionized water (~ 5ul)
onto a relatively flat surface and measuring the “recently advanced” angle the drop makes
with surface as depicted in Figure 2.4.5. Young describes this contact angle, 6, as the
result of balancing the forces resulting from the air-solid surface energy (Ys), the solid-
liquid interfacial energy (ys), and the air-liquid interfacial tension (y) in the following

expression [125]:




Ys =Ys1 +Y1€086 . (2.4.1)

Polymer Film
Glass Substrate

Figure 2.4.5. Schematic of a sessile water drop on a flat polymer surface.
The water drop forms a contact angle of 6 due to balancing of the
interfacial tensions of the air-solid (y;), the solid-liquid (ya), and the air-
liquid () interfaces.

This equation shows that for water (Y, = constant), the wettability will decrease
and the contact angle will increase as ¥y; is decreased and/or v is increased. However, it
has been shown that these two parameters, yy and v, are related. For apolar liquids and

solids the previous expression can be simplified to [126]

Ys =Y|(l+cos€))2 /4. (2.4.2)

However, for polar liquids and surfaces which also have acid-hase interaction, the
expression will have additional contributions to the interfacial energy from the Lifshitz-van

der Waals interactions (y-") and the acid-base interactions (Y*®) to give

i1+ cos®) =2 rEWAEY 4 fvArB o Byt ] (24.3)
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From this more complicated expression, it can still be observed that the contact
angle © will decrease as the terms for the solid-air surface energy (v,-", ., and ¥.%) are
increased and the terms for the liquid-air interfacial energy ("%, 1", and y®) remain
constant. Through this formalism, the contact angle becomes more than the balance
between air, liquid, and solid interfacial energies as expressed by Young’s cquation. It
becomes a true measure of the surface energy of the solid material as probed by a specific
liquid, which in this case is water. Because the above expressions assume a flat solid
surface with no roughness, a correction factor, which assumes that the primary effect of
surface roughness is to increase the actual surface area, has been put forth which results in
a measured contact angle which is less than the “flat” contact angle for angles below 90°
and greater than the “flat” contact angle above 90° [127]. Given the typical low roughness
values of sequentially adsorbed films, the roughness correction is disregarded in the
analysis of the films presented here. Overall, sessile drop contact angle measurements
provide a simple, yet powerful means to assess the surface energy of a material. Within
this thesis, contact angle measurements will be made to characterize the nature of the
surface following the adsorption of polyelectrolytes which potentially differ in
hydrophobicity as well as in charge from the underlying adsorbed polymer.

It should be kept in mind that contact angle measurcments probe approximately
the top 5-10A of a film surface which has been collapsed from the hydrated solution
structure after drying [127]. Theretore, a surface which is collapsed and is indicated by
contact angle measurements to be a homogenous layer of one material may, in fact, have
different properties when hydrated in solution. However, probing the collapsed surface
structure using contact angle still provides a powerful means to characterize the propertics
of a polyelectrolyte surtace.

Another characterization technique which does not sutfer from this limitation to
the same extent because it is performed in the hydrated state is the adsorption of the
positively charged molecule of methylene blue. The preferential adsorption of the
methylene blue to negatively charged species has been widely used in biology as a
selective stain [128] and in industry as a quality control test [129]. Here we use methylene

blue as a relative gauge of the surface charge. Further work, including taking into account
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the effects of all solution variables and non-electrostatic interactions, would be necessary
to make this technique into a truly quantitative measure of the surface charge.

Contact angle measurements of all the PMA/PAH films made with the various pH
combinations denoted in the previous pH study were made with increasing number of
layers deposited on separate substrates. The reported contact angles represent the average
of 3 to 4 drops measured on both ends of the drop after a thermal treatment of one hour at
92° C in air and storing at room temperature in ambient humidity for 2 days. The thermal
treatment was performed in an effort to keep the level of hydration in all the films the
same. The standard deviation of the measurements was typically lower than 3° and
measurements below 10° were all set to 10° due to the low resolution below this value.
The contact angle measurements on the hycrophilic glass slides were made in the center of
the substrate to allow the bottom region to be used for the adsorption of methylene blue.
The measurements made at PAH pH 2.5/ PMA pH 4.5 and at PAH pH 4.5/ PMA pH 3.5
were made on glass which, while still clean, had a higher bare-surface contact angle (not
shown). According to work on PAA/PAH, this difference does not significantly change
the contact angle of subsequent layers.

The methylene blue adsorption was performed by submerging the substrate into a
0.005 M methylene blue solution at pH 4.0 for 10 minutes, dipping the substrate into a
static rinse bath of pH 4.0 water for | minute, gently rinsing with water also at pH 4.0,
and then blowing the substrate dry with compressed air. The absorbance of the film was
then immediately measured by UV-Visible spectroscopy. The reported values are the
absorbance peak maximum, but the same trends can be obtained when the area under the
absorbance curve is used. The chemical structure of methylene blue and a typical

absorbance curve can be viewed in Figure 2.4.6.
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Figure 2.4.6. Visible absorbance spectrum of adsorbed methylene blue dye.
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2.4.F. Experimental Results of Contact Angle Measurements and Methylene Blue
Adsorption Studies

Figure 2.4.7 displays the results of the contact angle measurements of each layer
up to 8 layers (4 bilayers) on glass for the pH conditions previously considered. The
interpretation of this data is based on the wetting differences between the hydrophilic
PMA, which contains one polar carboxylic functional group per repeat unit, and the more
hydrophobic PAH which contains a less hydrophilic amine functional group. The
oscillation observed in nearly all the cells of Figure 2.4.7 is caused by the alternation
between a PAH rich outermost layer and a PMA rich outermost layer, which is central to
the process of sequential adsorption. For example, it can be observed from the data with
PMA as the last polymer adsorbed (whole numbers of the bilayers), that under all pH
conditions, hydrophilic surfaces could be achieved with contact angles of 20° or less. The
fact that some data points are higher than the self-imposed wettability measurement limit
of 10° suggests that the more hydrophobic PAH segments may have penetrated to the
surface of the more hydrophilic PMA layer. The likelihood of penetration, in turn, would
be expected to increase when the PMA is thin relative to the PAH layer. Using the
measured layer thickness values displayed in Figure 2.4.4 for films with a total thickness of
5 bilayers and less, experimental confirmation of this expectation can be obtained by
considering the two films with the thinnest PMA layers (4 and 9A) which both show
deviation from complete wetting with the larger deviation coming trom the thinner PMA
layer. With the exception of a few fluctuations for the films assembled with a PAH pH of
4.5 and a PMA pH of 3.5, all of the films with a thick PMA outermost layer showed
complete wettability.

When PAH is the outermost layer (data at half integer values for the number of
bilayers), the wettability appears to be even more dependent on the film structure. For
example, considering the values at 3.5 bilayers which have the smallest influence of surface
for the data displayed, the films which have an average PAH thickness of SA and below
(PAH pH/PMA pH = 3.5/3.5, 3.5/4.5, 2.5/3.5, 2.5/4.5) typically gave relatively low
contact angles of between 20° and 35°. The contact angle data taken at PMA pH 3.5/
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PAH pH 3.5 for varying PMA molecular weight and polyelectrolyte concentration show
similar trends. In contrast, films with thicker PAH layers had average contact angles at 3.5
bilayers which were greater than 35° and individual film averages which reached as high as
55°.

Additionally, trends in the contact angle measurements with increasing number of
bilayers for films with PAH as the last polymer adsorbed can be observed in Figure 2.4.7.
For the two thinnest PAH layers (PAH pH/PMA pH = 2.5/3.5, 2.5/4.5), the contact angle
decreases with increasing number of bilayers which implies that the layers become more
interpenetrated as the film increases in thickness. For thicker PAH layers (all other data),
the contact angle either remains relatively constant or increases with increasing number of
bilayers. Further evidence for mixing with increasing number of bilayers was observed
from the additional data which was taken for the 10" and 20" bilayer. The contact angle
measurements for the 20" bilayer are summarized in the upper right hand corner of each
cell. The contact angles of the thicker films made with a PMA pH of 2.5 were excluded
from consideration because of their tendency to build non-linearly and become cloudy at a
higher numbers of bilayers. From this additional data, it can be observed that the decrease
in contact angle for the thin PAH layers persists with increasing number of bilayers. It can
also be seen that most of the films which gave either constant or increasing PAH contact
angles over the first 4 bilayers, gave higher contact angle values as the number of bilayers
was increased further. Morcover, all of the films with thicker PAH layers showed a
substantial decrease in the wettability of the PMA outermost surface from being nearly
complete wettability (~10°) at low number of bilayers to being nearly indistinguishable
from the PAH outermost layers (32-43°) at 20 bilayers. While there was more scatter in
the thickness data at higher numbers of bilayers, no systematic increase or decrease in the
individual layer thickness which could account for this response was observed. Therefore,
these changes in wettability are believed to be due to an increase in the mixing of the
layers to form a relatively heterogencous surface. Though the collapsed surfaces may be
different from the hydrated surfaces, the continued linear build-up implies that scquential

adsorption can still occur on a heterogeneous surface containing both PMA and PAH
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segments as has been previously discussed in the description of sequential adsorption
through contact-ion pair formation [71].

To further characterize the structure of the sequentially adsorbed films of PMA
and PAH in terms of the surface charge, experiments involving the adsorption of
methylene blue, a positively charged dye molecule, to the outermost surface of the same
films mentioned above was undertaken. The amount of dye adsorbed to the surface was
characterized by UV-Visible spectroscopy and assumed to be proportional to the amount
of negative charge present on the surtace. Therefore, the absorbance of the adsorbed dye
is expected to oscillate between very little on the PAH outermost surfaces and significantly
more on the PMA outermost surfaces. The results of these experiments are summarized
in Figure 2.4.8 as a function of the PMA and PAH solution pH used during assembly. The
general trend observed in this figure is that relatively small oscillations are observed at
PMA pH 4.5, larger oscillations, which appear to scale with the thickness of the PMA
layer, are observed at PMA pH 3.5, and at PMA pH 2.5 very large oscillations are
observed.

The trend with PMA solution pH can be understood in terms of the difference
between PMA dissociation in the methylene blue solution at pH 4.0 and the PMA
dissociation in the PMA solution during adsorption. For example, when a PMA layer is
adsorbed at pH 4.5, it obtains some self-limiting thickness which is not only dependent on
the surface charge, but also on the segmental repulsion of the dissociated PMA scgments.
When the film is then rinsed, dried, and placed in the methylene blue solution at pH 4.0,
the PMA is collapsed, re-hydrated, and partially re-equilibrated to the new solution
conditions. However, because of the lower pH of the methylene blue solution, the
adsorbed segments have lower charge than they did during their initial adsorption and the
amount of methylene blue adsorbed is small. For the case when the PMA layer is adsorbed
at a lower pH (2.5 and 3.5) than the methylene blue solution, the negative charge of the
adsorbed segment is much higher than it was during adsorption and therefore the amount
of methylene blue adsorbed will increase to give an overall larger oscillation. Therefore, an

increase in the level of oscillation with a decrease in the PMA pH is predicted.
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Also predicted is an increase in methylene blue adsorption which scales with the
thickness of the PMA layer due to an increase in the number of negatively charged sites
near the surface. While these trends are observed in Figure 2.4.7, additional increases in
the amount of dye adsorbed both on the PAH and PMA surfaces with an increasing
number of bilayers can be observed under several different pH conditions. From the
additional data taken at 10 and 20 bilayers (not shown), it was observed that the dye
absorbance reached a maximum for both PAH and PMA surfaces at a total thickness of
200-300A for all films except those with a PMA pH of 2.5 which turned cloudy. For films
with a total thickness larger than this, a decrease in dye adsorption followed the
maximum. However, in all cases, the oscillation between the dye adsorbed on a PAH and
PMA layer was maintained. From the fact that a maximum is observed on both the PAH
and PMA surfaces and at the same thickness for films made under a variety of processing
conditions, it is concluded that the increase in dye absorbance with increasing number of
bilayers is likely due to the penetration of the dye into the bulk of the film rather than to
any changes which occur on the film surface. The decrease in absorbance observed after
the maximum is reached, however, is likely due to an increase in the amount of positive
charge from PAH segments on the outermost surface with increasing number of bilayers.
This is consistent with the increase in contact angle also observed for these same films.

In comparison to the results taken on bilayers of PAA and PAH, the amount of
methylene blue adsorbed for the PMA/PAH system is much lower [124]. A typical
methylene blue peak absorbance of (.1 units was observed for the adsorption on a top
layer of PAA at 4 bilayers, but only a maximum of (.04 was observed for a top layer of
PMA at 4 bilayers. This difference can be attributed to the fact that at a given pH, PAA is
more dissociated than PMA (as has been previously discussed) and that the methylene blue
adsorption has been optimized for sensitivity to the case of PAA. It is believed that if the
pH of the methylene blue solution was increased above 4.0, the magnitude of the
adsorption on PMA would become more comparable to that on PAA at pH 4.0).

Overall, characterization of the PMA/PAH sequentially adsorbed films via contact
angle measurements and methylene blue adsorption indicate that for a small number of

total bilayers, the amount of surface penetration from the underlying layers depends on the
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thickness of the top layer relative to the underlying layer. At higher numbers of total
bilayers, the film surfaces become better mixed and both types of surfaces are dominated
by one component, as determined by contact angle measurements. However, an oscillation
in the surface charge, as measured by methylene blue adsorption, and a linear build-up, as
measured by ellipsometry, still occurs. Taken together, this implies that the sequential
adsorption of PMA with PAH is better characterized by contact-ion pair dominated

adsorption.

2.4.G. Experimental Results of Small Angle X-ray Reflectivity and Cross-Sectional
Transmission Electron Microscopy Studies

In addition to the characterization of layer thickness and surface properties of the
sequentially adsorbed films of PMA/PAH mentioned previously, further characterization
has been done using the techniques of Small Angle X-ray Reflectivity (SAXR) and cross-
sectional Transmission Electron Microscopy (TEM) through collaborations with other
researchers [130]. Both techniques were used to analyze films of PMA and PAH layers
which were both adsorbed from 0.005M solutions at a pH of 3.5 with no added salt.

Figure 2.4.9 displays the scattering curves of PMA/PAH films, built to a thickness
of 20 and 40 bilayers on silicon, as measured by SAXR. From the characteristic Kessieg
fringes, which result from the interference of waves reflected from the film-substrate and
the film-air intertaces, an average film thickness which corresponds to a bilayer thickness
of 21A was measured. This agreed well with the thickness measurements of 20A and 21A
per bilayer made by profilometry and ellipsometry, respectively, on the same films. The
line indicates the fit made to the experimental data from which the air-film r.m.s.
roughness was estimated to increase from 18A for the 20 bilayer film to 29A for the 40
bilayer film. An increase in roughness was also observed for films which were dried for 5
minutes after cach rinse with air heated to 80° (17A for 20 bilayers and 21A for 40
bilayers), but with an overall lower roughness and a slightly lower bilayer thickness of
19A. The observation that the layers of PMA and PAH become better mixed with
increasing number of bilayers may be linked to this increase in surface roughness.

However, a comprehensive series of experiments would need to be performed to truly
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substantiate this relationship. Additional details regarding the internal structure of these
films could not be obtained by SAXR due to the low electron density contrast between the

polymer molecules.
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Figure 2.4.9 Small Angle X-ray Reflectivity data taken on sequentially
adsorbed films of PMA/PAH with a thickness of 20 and 40 bilayers on silicon.

In order to increase the contrast between layers, studies have been undertaken to
incorporate molecules containing high atomic mass elements, such as ruthenium, into
sequentially adsorbed film heterostructures. The first such film which was fabricated
involved a heterostructure consisting of a “high atomic number” block of five bilayers of
the ruthenium containing molecules shown in Figure 2.4.10 [a negatively charged dye and
a positively charged polyester oligomer (~7 repeat units)] alternating with a “low atomic
number” block of four bilayers of PMA/PAH. By analyzing this film with cross-sectional
TEM, a distinct layering of the individual blocks could be observed as shown in Figure
2.4.11. This represented the first time that such cross-sectional images of sequential

adsorbed films have been obtained.
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Figure 2.4.10 Chemical structure of ruthenium containing polyester and dye

Based on measurements made by ellipsometry for films on silicon which were
dipped with the epoxy substrate used for TEM, the thickness values of the two different
blocks were estimated to be 80A for the (PMA/PAH), block and 45A for the (Ru Dye/Ru
Polyester)s block for a total film thickness of 625A. However, by TEM the total film
thickness is estimated to be approximately only 500A which may indicate a difference in
build-up between the epoxy substrate and the silicon substrate. It can also be observed
from this image that the PMA/PAH block which was first deposited onto the epoxy
appears dark while the next Ru containing block appears light. This is the opposite of
what was predicted from the electron density argument given above and is currently the
subject of continued research. Possible explanations for the reversed contrast are
differences in each layer’s susceptibility to damage by the electron beam and a
preferential enrichment of the PMA/PAH block layer with high electron density
impurities during the sample preparation. Assuming that the contrast is still a true
representation of the layering of the assembled blocks, the estimated block thickness
values measured from this image are 40A for the (PMA/PAH), (dark) block and 30A for
the (Ru Dye/Ru Polyester)s (light) block. This difference from the ellipsometry data taken
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A subsequent ruthenium containing heterostructure which used 10 bilayer blocks
of PMA/PAH and a decreasing number of Ru containing bilayers (10,6,3,1), gave thicker
and more easily distinguished block layers as shown in Figure 2.4.12 [130]. It can be
observed from the bottom image within this figure that the blocks could conformally coat
large features left by previous adsorption steps. A slight decrease in thickness of the
ruthenium containing (light) blocks with increasing numbers of blocks could be observed
in the top image with the last ruthenium block, which consisted of only one bilayer, being
nearly indistinguishable. The lower contrast for this last ruthenium containing block is no
doubt linked to the thinness of the layer, but it may also be affected by what appears to be
an increase in roughness with increasing number of bilayers as was previously observed for
films of PMA/PAH (no ruthenium containing layers) assembled under identical conditions.
Further interpretation of these images can only come after more is known about the
origins of the layer contrast and these observations are substantiated by the examination of
other films. Nevertheless, from this preliminary work, it does appears that, at least with
blocks of bilayers, true layering can be obtained on the order of 50A.
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2.5 Concluding Remarks

Within this chapter it has been siiown that the structure of a sequentially adsorbed
film can be manipulated through variation in the solution ionic strength, pH, and polymer
concentration, as well as through selection of the type of polyelectrolyte used. For the
combination of a strong polyanion and a strong polycation (SPS/PAH), the bilayer
thickness is characterized by a weak molecular weight dependence which increases with
solution ionic strength and which scales with the square root of the salt concentration for
higher molecular weight polyanion chains with solution ionic strengths of 1M NaCl and
below. For the combination of a weak polyanion and a strong polycation (PMA/PAH), the
bilayer and single layer thickness of both the polyanion and polycation decreases when the
pH of the polycation solution is lower than the pH of the polyanion solution. When the pH
of the two solutions are either matched or the polycation solution pH is greater than that
of the polyanion, the thickness of both the single layers and the bilayer are nearly constant.
The resulting structures of these films are characterized by increased mixing of the layers
with an increasing number of bilayers. However, even at higher numbers of bilayers, the
surface charge oscillates with adsorption of the oppositely charged polyelectrolytes and

the films continue to increase linearly in thickness.
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Chapter 3. - Sequential Adsorption of Precursor Polymers:
Poly(amic acid) with Various Electroactive Polymers

—— —— " a—
—— — v —

3.1 Introductory Remarks

Because of their tailorability, thermal stability, and low dielectric constant,
polyimides have wide uses in the microelectronics industry for such applications as circuit
board coatings and dielectric layers. Typically, polyimides are processed by spin-coating a
polyimide precursor, poly(amic acid), in polar aprotic organic solvents, and then thermally
converting the poly(amic acid) into a robust, intractable polyimide. While spin coating is a
mechanically simply process and produces films of uniform thickness, it is limited to nearly
planar substrates and usually results in large losses of material. Film fabrication using
sequential adsorption of the poly(amic acid) overcomes some of these obstacles.
Furthermore, because the chemical structure of polyimides can readily be synthetically
altered, the layer-by-layer assembly of polyimide precursors could represent a means of
incorporating new and novel materials into robust ultra-thin films with designed
supramolecular structures. In this chapter, we specifically present the fabrication of thin
films of poly(4,4-oxydiphenylene pyromellitimide) (PMDA-ODA) through sequential
adsorption of a precursor poly(amic acid) with three different charged molecules -

poly(allylamine hydrochloride), polyaniline, and a poly(p-phenylene vinylene) precursor.

3.2 Experimental

The poly(amic acid) (PAmA) was obtained as a 11% by weight solution of
poly(4,4-oxydiphenylenepyromellitamic acid), the precursor to poly(4,4-oxydiphenylene
pyromellitimide) (PMDA-ODA), in dimethyl acetamide from Dr. Anne K. St. Clair of
NASA Langley Research Center. The polyallylamine hydrochloride (PAH)
(MW-~28,000g/mole) and poly(styrene sulfonate) SPS (MW ~ 70,000 g/mole) were
obtained from Aldrich Chemical and used without further purification. The
poly(vinylpyrrolidone) (PVP) was obtained from American Polymer Standards Corp. My,
= 125,400, Mp, = 45,900) and used without further purification. The poly(phenylene
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vinylene) precursor, was synthesized by the tetrahydrothiophene (THT) route and was
provided by Dr. B. R. Hsieh of the Xerox corporation as an aqueous, ~10-3 moles/liter
solution (based on repeat unit molecular weight) [131].

The polyaniline (PAni) was synthesized chemically by the direct oxidation of
aniline as has been previously described [132]. The resultant PAni powder was then
dissolved in dimethyl acetamide (DMACc) at 18 mg/ml by stirring overnight, sonicating for
8-10 hours, and filtering through a 2 pm and a 0.45 pm filter. The aqueous solution used
for dipping was prepared by slowly adding one part (by volume) of the PAni solution to
nine parts water, adjusting the pH to 2.5-2.6 with methane sulfonic acid (MeSA), and
syringe filtering through a 0.45 m filter (133] . From results of similar syntheses, the
number average molecular weight is estimated to be 20-25K with a polydispersity of about
2.5 [134,135]. The overall result is a 10% DMAc: 90% Hy0, ~10-2 moles/l dipping
solution [based on a two aniline (181g/monomole) repeat unit] of the partially oxidized
emeraldine base form of PAni. This PAni can be rendered conductive through the
generation of stable, positive charge carriers along the polymer backbone by protonic
"doping" at the nitrogen atom [136].

The typical PAmA aqueous solution was prepared by first diluting the 11 wt. %
solution 10 a 1 % solution in DMAc, and then further diluting with water until a
concentration of approximately 10> moles/l (based on the repeat unit molecular weight)
with 3-7% DMACc and a typical pH of 3.8 was obtained. Other aqueous PAmA solutions
which contained larger amounts of DMAc were made in a similar manner using the same
DMAc stock solution. The PAH and SPS solutions were prepared by diluting the
appropriate amount of material with deionized water to a concentration of 103 moles
repeat unit/] and then adjusting the pH to 4.0 and 3.8, respectively. The PVP solution was
diluted with deionized water to a concentration of 10" moles repeat unit/1 and used at a
pH of 2.5. The PPV precursor was used as received at a pH of about 5.0. All solutions
except the viscous PPV precursor solution were syringe filtered through a 0.45 pum
Millipore filter prior 1o use.

Hydrophilic glass substrates were prepared as previously noted in Chapter 2.
Aminosilane functionalized (positively charged) glass slides were prepared through
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reaction of the hydrophilic glass substrate with the silane coupling agent, N-2-aminoethyl-
3-amino propyl trimethoxysilane. This was accomplished by sequentially rinsing the
substrates with methanol, a methanol : toluene (1:1) mixture, and toluene; and then
placing them in a 2 volume percent solution of N-2-aminoethyl-3-amino propyl
trimethoxysilane in toluene for 11 hours. The substrates were then transferred to a
solution of boiling toluene for 1 hour and rinsed in the opposite order as before (toluene, a
methanol : toluene (1:1) mixture, methanol and deionized water). The net objective of
this treatment was to anchor molecules to the substrate which had surface exposed amine
groups that could be protonated to create a positively charged surface. To maintain
stability, the silanized substrates were submerged in to a 1x10-3 solution of the polyanion
poly(styrene sulfonate) [131]. The zinc selenide plates were used as received (Wilmad).
Each hand-dipped multilayer film was assembled by first dipping the substrate into
the dilute aqueous polycation solution for 10 minutes, thoroughly rinsing with water to
remove unbound material, drying with filtered compressed air, and then placing the
substrate into the PAmA solution for 10 minutes, rinsing, and drying. This entire cycle was
repeated until the desired number of layers were achieved. The films were characterized by
UV-visible spectroscopy, infrared spectroscopy, ellipsometry, profilometry, and atomic
force microscopy (AFM). In the case of ellipsometry, a manual fit of intermediate optical
parameters A and ¥ was performed to arrive at the index and thickness of the assembled
films. All other characterization techniques were employed in the usual manner. Each
auto-dipped multilayered film was assembled as previously mentioned in Chapter 2 with
the exception that the substrates were dipped in to the polyelectrolyte solution for only 10
minutes. Electrical conductivity of PAni containing films was made using the Vander
Pauw measurement technique in which a 2.5 x 2.5 cm? square region at the center of the

film was patterned and contacted at the corners with gold wire using silver paint [137].
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Figure 3.2.1. Chemical structures of the polymers which were sequentially
adsorbed to make multilayered films.
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3.3 Experimental Results and Discussion

Using the experimental parameters discussed above, assembled films of poly(amic
acid) and three different polycations, polyallylamine (PAH), polyaniline (PAni), and a
precursor to poly(p-phenylenevinylene) (PPV), were fabricated and characterized. The
chemical structures of these polymers can be viewed in Figure 3.3.1. A variety of
multilayer films containing the simple linear polycation of PAH have been assembled both
within and outside our laboratory[78,100,104]. This polycation is therefore an ideal
material to use for comparison. Multilayered films containing p-type doped electrically
conducting polymers such as PAni have also been previously fabricated to produce highly
condvcting thin films [95,96,100,105]. The conductivity of such films can be used as a
relative probe of film morphology. Similarly, multilayered films containing PPV have also
been used for electroactive applications including organic light emitting devices [106,107].
In this work, the sequential adsorption of the precursor to PPV (pPPV) with PAmA, a
precursor to PMDA-ODA, was used to make ultra-thin films of two completely non-

charged molecules through processing and conversion of their polyelectrolyte precursors.

3.3.A. Sequentially Adsorbed Films of PAmA and PAH

Because both PAH and PAmA are optically clear, infrared spectroscopy was used
to monitor the build-up of PAH/PAmA films on substrates of ZnSe (IR transparent
plates). Spectra were recorded after the deposition of each layer up to a final thickness of
10 bilayers for films adsorbed from PAmA and PAH polyelectrolyte solutions with a
concentration of 10” M, a pH of 4.0, and no additional added salt. Because the ZnSe isa
planar transparent substrate and measurements were made in transmission, substrates
which had undergone 10 dip cycles were actually measurements of a front and back film
each with a thickness of 10 bilayers for a total of 20 bilayers. Figure 3.3.2 shows the IR
spectra of a film after 1, 5, and 10 dip cycles (2, 10, and 20 bilayers of deposition) with the
inset displaying the maximum absorbance near 1500 cm! as a function of the number of
dip cycles. As expected, this peak, which is associated with the aromatic groups of the

PAmA, primarily increases after being placed in the PAmA solution. As can also be

86




Absorbance

0'006 T \ § T T T L4 T l' "I ’ l' '[ v ll - .l_ ' U' N
0.007 )
- 0.006F
0.005 |- g 0,005
10 Dip Cycles 2 0.004
0.004 |- || ©om
| 2 0.002}
0,003 k 5 Dip Cycles & gom|
0.000 St
L lDiprcle 01 2 3 4 5 6 7 8 9 10 |
Number of Dip Cycles
0.002 7]
0.001 7]
0.000
0.001 1 N 1 . 1 . 1 N 1 2 1 2 |

1700 1600 1500 1400 1300 1200 1100

Wavenumber (cm’l)

Figure 3.3.2 Infrared spectra taken during build-up of a PAmA/PAH on
ZnSe. Absorbance values are the sum of the contributions of the films
deposited on both sides of the substrate (i.e. “10 dip cycles” = 10 bilayers on
front + 10 bilayers on back film = 20 bilayers). The inset plot shows the peak
absorbance at 1500 cm™ as a function of the number of dip cycles.
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observed from this figure, the growth is linear which indicates that the same amount of

absorbing material is being deposited in each bilayer cycle.
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Figure 3. Film thickness vs. number of bilayers for a sequentially adsorbed
film of PAmA/PAH with a final thickness of 20 bilayers (20 dip cycles) on a
silicon wafer as measured by ellipsometry at three different wavelengths.

As another means to monitor the assembly process, a Gaertner rotating
ellipsometer was used to track the thickness during build-up of a PAH/PAmA film on a
bare silicon wafer. Using a manual fitting approach for three different wavelengths (488,
633, and 830 nm), a linear build-up was again found for all three wavelengths as shown in
Figure 3.3.3. However, the average bilayer thickness measured by the ellipsometer of
21A/bilayer did not agree with the value of 10 A/bilayer that was measured by
profilometry on the same films. Considering that the ellipsometer also gave very low
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values for the index of refraction (1.26-1.35), this discrepancy was believed to be linked to
a high film roughness. The roughness of similar films on glass was measured by Atomic
Force Microscopy (AFM) over a 1 um? area and gave a high r.m.s. surface roughness of
about 90A both before and after conversion of the PAmA. This high roughness is likely
caused by having the mixed DMAc/water solvent of the PAmA solution so close to
solubility limit of the PAmA that the moiecules tend to form nano-aggregates which then
adsorb onto the surface as larger particles rather than as individual polymer molecules.
The slight decrease in solution clarity observed with the addition of water to the DMAc-
based PAmA solution during preparation supports this idea. The fact that the final solution
is readily passed through a 0.45 pm syringe filter further suggests that the aggregates are
on the order of nanometers in size. Attempts to increase the amount of DMAc to 10 or
20% with no ionic strength adjustment resulted in lack of build-up which can likely be
attributed to the decrease in driving force for adsorption due to the increase in polymer
solubility with increasing amounts of DMAc.

In an effort to increase the bilayer thickness and perhaps, simultancously, decrease
the roughness, the ionic strength of the PAmA solution was varied. As can be observed in
Figure 3.3.4, the bilayer thickness scaled with the square root of the added salt
concentration as predicted from single layer adsorption theory [138]. Though the “hand-
dipped” films tended to deviate from linearity at high salt concentrations, this same basic
trend was observed for 10 bilayer "hand-dipped" films on both hydrophilic glass and on
silane treated glass and for 32 bilayer “auto-dipped” films on hydrophilic glass at a
solution pH of 4.0 for both PAmA and PAH. Poly(amic acid) solutions made with 0.3 M
NaCl precipitate within 24 hours. Therefore, 0.3M NaCl was considered to be the
polymer’s solubility limit.

The ability to increase the bilayer thickness from 10 to 60 Asbilayer is typically
attributed to a shielding of the repulsion between the negatively charged carboxylate
groups which allows the adsorbed polymer chains to assume a more looped conformation
on the surface. However, if aggregates of chains are being formed, it is 1’50 reasonable
that the layer thickness would likewise increase with increased ionic strength. This

thickness increase could occur through an increase in the number of aggregates adsorbed
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or an increase in the size of the aggregates both of which could be due to the shielding of
the repulsive charges and/or the decrease in PAmA solubility. Though adjustment of the
ionic strength was successful in controlling the bilayer thickness, the roughness of films
built from PAmA solutions containing 0.2 M NaCl showed a slight increase in the r.m.s.

roughness to 96 A.
0.01M 0.02M 0.05M 0.10M 0.20M
|| I I I
I v 1 M ] v 1 ! 1 v
80F O Auo Dipped on SPS Slides (32 Bilayers) .
- O Hand Dipped on SPS Slides (10 Bilayers) 1
70 F A Hand Dipped on Hydrophilic Slides (10 Bi.) -

Bilayer Thickness (A)
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Square Root of NaCl Concentration

Figure 3.3.4. PAH/PAmA bilayer thickness vs. square root of NaCl
concentration added to the poly(amic acid) (PAmA) solution for films
adsorbed from a PAH solution at pH 4.0 and a PAmA solution of pH 3.8.
Films were prepared via hand-dipping and auto-dipping on hydrophilic and
silanized glass.
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Because the bilayer thickness increased more substantially to 60-65 A/bilayer, this
roughness is now on the order of two bilayers ratber than ten. When the PAmA solution is
moved away from the solubility limit by increasing the amount of DMAc to 12% and 20%
for solutions which contain 0.1 M NaCl , a drastic reduction in r.m.s. roughness to as low
as 42 and 37 A was achieved with roughly the same average bilayer thickness of 48 and 43
A/bilayer, respectively. Though this roughness is still higher than those reported for other
assembled films measured by SAXR [72,74], the roughness is now less than one bilayer
which shows that it is possible to obtain smoother films by simply selecting the correct
solution conditions.

The conversion of the PAmA within the assembled films to the polyimide PMDA-
ODA was achieved through two different types of imidizing steps - thermal imidization
and chemical imidization. Thermal imidization was performed in a vacuum oven at
elevated temperatures, while chemical imidization was accomplished by submerging the
PAmMA/PAH films in a dehydrating solution of acetic anhydride and pyridine in benzene.
Though thermal processing schemes vary, a treatment of <300 °C for at least 0.5 hours
for thin films of pure PAinA is generally accepted as a means of producing a fully imidized
film [139,140,141]). However, due to concerns about the thermal stability of the PAH, the
thermal conversion used for the assembled films of PAmMA involved heating the samples at
lower temperatures (185°C) for longer times (18 hrs.). Chemical imidization was
accomplished by submerging the PAmA multilayered films in a 1:1 M solution of acetic
anhydride : pyridine in benzene at room temperature for the same length of time (18
hours). Both conversion procedures were examined by infrared spectroscopy and showed
the emergence of the imide peaks at 1780, 1732, and 1380 cm-! and the decrease in the
amide and carboxylic acid peaks at 1610 and 1400 cm-! (see Figures 3.3.5 and 3.3.6).

The percent imidization for both conversion procedures was calculated through a
peak area comparison with spin coated samples of comparable thickness which were
converted at  300°C for more than 0.5 hours. In order to account for any thickness
difference, all the areas of the peaks associated with the imide groups (725, 1380, 1732,
& 1780 cm-1) were normalized with respect to the area under the phenyl peaks (1015 &
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Figure 3.3.5. Infrared spectra of a 10 dip cycle (20 bi.) sequentially adsorbed
film of PAmA/PAH made with no ionic strength adjustment of the PAmA solution.
Measured before and after thermal conversion into the polyimide PMDA-ODA.
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Figure 3.3.6. Infrared spectra of a 10 dip cycle (20 bi.) sequentially adsorbed
film of PAmA/PAH made with no ionic strength adjustment of the PAmA solution.
Measured before and after chemical conversion into the polyimide PMDA-ODA.
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1500 cm-1). By comparing the ratios of the imide peak area to the aromatic peak area for
the “fully imidized" reference sample to those of the assembled films, a percent imidization
was estimated. The average percent imidization calculated from all of the imide peaks
when normalized to both aromatic peaks was 92% for the thermally imidized sample and
68% for the chemically imidized sample. It has been suggested that the C-N stretch at
1330 cm-! is the imide peak which is the least affected by complicating factors such as
anhydride absorption and anisotropy [142]. The average percent imidization calculated
from just this peak, when normalized with respect to the 1500 cm-! and 1015 cm-l
aromatic peaks, was 100% for the thermally imidized sample and 61% for the chemically
imidized sample, which is in good agreement with the values calculated from all of the
imide peaks. The lower percent conversion of the chemically imidized film is likely due to
the slower kinetics of the chemical reaction and to side reactions with residual and
atmospheric water. The conversion rate could likely be increased by raising the
temperature of the imidizing solution [142]. Thus, it has been shown that PAmA can be
assembled with PAH in a linear fashion, that the thickness of the resultant film can be
controlled through the addition of salt to the polyelectrolyte solution, and that the PAmA
contained in each film can be successfully converted to PMDA-ODA using either thermal

or chemical means.

3.3.B. Sequentially Adsorbed Films of PAmA and PAni

The second polymer examined for sequential adsorption with PAmA was the
conjugated electrically conducting polymer polyaniline (PAni). In contrast to the
PAmMA/PAH system, this system could be monitored during build-up by visible
spectroscopy due to the visible absorbance of the PAni. Because the emeraldine base form
of PAni relies on the protonation of nitrogen groups to achieve both polycation-type
behavior and electrical conductivity [136], particular attention was paid to the pH of the
dipping and rinsing solutions. Ideally, the sequential adsorption of PAni would be
performed by setting the pH of all the solutions and rinse water to an acidic pHof 2.5t0

ensure that the PAni maintains the same level of positive charge density and protonic acid
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“doping”. However, in this particular case, the pH of the PAmA solution could not be
lowered below 3.0 without precipitation and could only be kept stable near a pH of 3.5.
Despite this increased pH, films were successfuily assembled with a PAmA solution pH of
3.5 and a PAni solution pH of 2.5. Additionally, it made little difference to the measured
visible absorbance per bilayer and to the bilayer thickness of 48 A/bilayer (as measured by
profilometry) of the resultant films whether the pH of the rinse water was left unadjusted
at ~5.5 or if it was adjusted to 2.5 with methane sulfonic acid. Figure 3.3.7 displays the
visible absorbance spectra as a function of the number of dip cycles for a 10 dip cycle (20
bi.) PAn/PAmA film which is partially doped. The absorbance in this figure includes
contributions from the front and the back sides of the assembled PAni film on glass. The
inset of Figure 3.3.7 displays the absorbance at 630 nm recorded as a function of the
number of dip cycles for films with no ionic strength adjustment.

Likewise, films built with an ionic adjustment to the PAmA solution of 0.2 M NaCl
were found to be insensitive to the pH of the rinsing solution. They also gave
approximately the same amount of PAni absorbance per bilayer as those without ionic
strength adjustment. However, the film thickness of the ionic strength adjusted film was
drastically increased to 100 A/bilayer. The fact that such a large thickness was obtained
and that assembly still occurs for PAni with a much lower charge density, may indicate
that other types of interactions, including hydrogen bonding, may be playing a role in PAni
adsorption as has been previously observed [143].

By completely dedoping a film with pH 12 ammonium hydroxide and measuring
the absorbance maximum at 630 nm, the amount of PAni in the assembled films could be
calculated from the measured film thickness and a previously determined extinction
coefficient of 7.2 x 104 absorbance units/cm (112]. This calculation revealed that the
bilayer structure contained roughly 20 - 24% PAni for those films which had been
assemblzd from unadjusted PAmA solutions and 12 - 13% for those with ionic strength
adjustment of 0.2 M NaCl. This illustrates that, as expected, the bilayer thickness increase
observed with an increase in ionic strength of the PAmA solution is due to more
adsorption of the PAmA and not more adsorption of the PAni. Assuming a continuous
trend between PAmA solution ionic strength and bilayer thickness similar to that observed
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for the PAH/PAmA films, this observation makes it possible to again tune the volume
fraction of PMDA-ODA by simply adjusting the ionic strength of thc PAmA «.c:}.1-ion.

Several of the 10 bilayer PAni/PAmA films were doped prior to imidization by
placing them in a solution of hydrochloric acid at pH O for several seconds. Time resolved
UV-Vis spectroscopy revealed that the doping occurred within 20 milliseconds for such
thin films. The films were blown dry with compressed air and then measured for their
conductivity. The average conductivity for the doped films prior to imidization was
measured to be 0.5 S/cm for films from the unadjusted solutions and < 10-4 S/cm (the
limit of our measurement capability) for ionic strength adjusted films. The optical spectra
of both films showed them to be doped to approximately the same extent.

The drastic decrease in conductivity in going from PAmA/PAni films fabricated
without added salt in the PAmA solution to those films made with 0.2M NaCl added to
the PAmA solution can likely be attributed to attaining a PAni volume fraction which is
below the percolation threshold for conduction. The observation of high conductivity at a
PAni volume fraction of 20-24% and the low conductivity at a volume fraction of 12-13%
is in agreement with the percolation threshold of 16 vol. % calculated for a well mixed
system [144]. This would imply that film structure created in the PAmA/PAni films is
more like a homogenous polymer blend than a multilayered heterostructure with well
connected thin layers of conducting polymer. This is supported by the suggestion that
nano-sized aggregates are formed in both the PAni and the PAmA solutions due to their
proximity to their respective solubility points in the DMAc/water mixed solvent system
[144]. The adsorption of aggregates would also help to explain both why the roughness is
so much higher (50-100A r.m.s.) and the bilayer thickness is so much larger than
sequentially adsorbed films made from completely water soluble polyelectrolytes [78].

After the thermal imidization of the doped, unadjusted PAMA/PAni films was
performed for 16 hr. at 185° C, the films could still be re-doped to approximately the same
degree as before imidization, indicating that little degradation of the PAni occurred.
Measuring the conductivity in the same manner as the unconverted films, the values were
observe 1 to be much lower and very close to the measurement capability of the instrument

(104 S/cm). The fact that a similar response was observed for the chemically imidized
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films suggest that the decrease in conductivity is due to a “pinching off” of the conduction
paths by the subtle changes in structure which accompany the conversion of PAmA to
PMDA-ODA. Overall, it has been shown that PAmA can be successfully sequentially
adsorbed with PAni under a variety of different processing conditions, that the increase in
bilayer thickness with an increase in the ionic strength of the PAmA solution comes from
an increase in the amount of PAmA adsorbed, that the difference in conductivity between
films made with and without ionic strength adjustment to the PAmA solution suggest a
well mixed system, and that the conductivity of the films made with no ionic strength
adjustment to PAmA solution drastically decrease with either thermal or chemical

imidization.

3.3.C. Sequentially Adsorbed Films of PAmA and pPPV

The third polymer examined for sequential adsorption with PAmA was a
tetrahydrothiophenium precursor to PPV (pPPV). The build-up of PAmA with pPPV was
monitored both on ZnSe by IR and on silanized silicon wafers by ellipsometry. Infrared
spectra recorded for films with no ionic strength adjustment made to the PAmA solution
as a function of the number of bilayers adsorbed, showed a linear build-up and a peak
absorbance at 1500 cm! which was roughly twice that observed for films of PAH/PAmA.
Measurements made by ellipsometry at three different wavelengths also showed a linear
build-up and gave an average bilayer thickness of 32A/bilayer. However, profilometry
measurements on the same films gave a bilayer thickness of 24A/bilayer. This difference
may be due to the difference in measurement technique (optical versus mechanical
measurement).

When PAmA/PPV films on ZnSe are heated at 185° C for 16 hours, the peaks
associated with the thermal conversion of the PAmA into PMDA-ODA (1780, 1732, and
1379 cm’l) emerged, while those associated with the PPV conversion (3020, 963, 837 cm
-1y were not observed. Though the conversion of the PPV precursor to PPV could not be

substantiated by infrared spectroscopy, results obtained from similar films assembled on
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Figure 3.3.8. Build-up of a 5 dip cycle (5 bi. front film + 5 bi. back film = 10 bi. total) film
of an ionic strength adjusted film of PAmA/pPPV as monitored by infrared spectroscopy.

The inset shows the absorbance at 1500 cm! as a function of the number of dip cycles.



glass confirmed the presence of PPV through the emergence of a strong visible
absorbance near 420 nm. The absence of the PPV IR peaks is likely due to a lower volume
percent of PPV and to the fact that the oscillator strength of the PPV near 1500 cm-1 is
roughly four times smaller that of the PMDA-ODA as found through a comparison of the
peak height to thickness ratio for cast films of each. Based on the estimate of 24A/bilayer,
on the measured oscillator strength difference, and on the ratio of peak absorbance at
1500 cm-! to film thickness for cast films of each; an estimate of 60 to 70 vol. % PMDA-
ODA was made for the assembled films without ionic strength adjustment. Films on ZnSe
which were chemically imidized though submersion in the imidizing solution for 18 hours
also showed IR peaks which correlate with the formation of the polyimide but gave no
evidence of PPV formation. Using the average of all of the imide to aromatic peak area
ratios, the percent imidization of the thermally converted PAmA/PPV films were
determined to be 92% while the chemical converted films were determined to be 75%
imidized. These values were similar to those obtained for the PAmA/PAH films calculated
in the same manner.

When the ionic strength of the PAmA solution was increased to 0.2 M NaCl, linear
build-up was obtained with an IR absorbance per bilayer four times larger than that of a
film without ionic strength adjustment. In this instance, an IR spectrum was taken after
every layer and the film was built to a final thickness of 5 dip cycles (Figure 3.3.8). The
bilayer thickness was measured by profilometry to be 76 A/bilayer. Using the ratio of peak
absorbance at 1500 cm-! to film thickness derived from spin-coated samples, this
assembled film is estimated to be 87% PMDA-ODA, which again indicates that the bilayer
thickness increase is due to the increase in the volume fraction of PMDA-ODA with only
8-9A of the assembled bilayer thickness due to the PPV. Films assembled under identical
conditions on substrates of acid cleaned (hydrophilic) glass, silane treated glass, and silane
treated silicon also gave a linear build-up with average bilayer thickness values as
measured by profilometry of 63A, 70 A, and 74A, respectively. It is interesting to note
that from a comparison of these differences in bilayer thickness and sessile water drop
contact angle measurements made on each bare substrate, it appears that more

hydrophobic substrates lead to a slightly larger thickness.
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Each of the films on the different types of substrates (silane treated glass, silane
treated silicon wafer, hydrophilic glass, and ZnSe) were placed in the chemically imidizing
solution and monitored as a function of time. The films on ZnSe were monitored by IR
spectroscopy, the films on silicon were monitored by ellipsometry, and the films on glass
were monitored by UV-Vis spectroscopy. All the films were blown dry prior to
measurement to remove excess amounts of the imidizing solution. The films on ZnSe were
shown to be fully imidized after approximarely 70 hours in the imidizing solution which
explains the low percent imidization achieved for the chemical imidized PAmA/PAH and
PAmA/PAni films that were placed in the imidizing solution for only 18 hrs. The films on
glass were also monitored for 70 hours and were shown to develop an absorbance pcak
near 400 nm. In order to determine if the peak near 400 nm was being caused by the
conversion of the precursor PPV by the imidizing bath, cast films of PAmA and PPV
precursor on glass were monitored by UV-visible spectroscopy as a function of time in the
chemically imidizing solution. By observing the formation of the absorbance peak near 400
nm for only the PAmA cast films, it was concluded that the peak was not associated with
the partial conversion of pPPV in the imidizing bath. Because the peak was removed when
the PAmA cast films were subsequently heated in the vacuum oven, it is believed that the
peak observed near 400 nm during the chemical imidization is likely caused by an
intermediate or side-reacted species of the PAmA formed in the presence of imidizing
solution components. The fact that the sequentially adsorbed films and cast tilms of pPPV
which had been subjected to the chemical imidizing solution could still be thermally
converted to produce a characteristic absorbance peak near 420 nm indicates that the PPV
can be converted independent of the PAmA chemical imidization.

Thus, it has been shown that sequentially adsorbed ultrathin films of PAmA and
pPPV can successfully be fabricated, that the relative composition of the bilayer can be
controlled through adjustment of the polyelectrolyte solution parameters, that it is possible
to make ultrathin films of two intractable polymers such as PPV and PMDA-ODA by
assembling them as polyelectrolyte precursors and then converting them, and that it is

possible to convert the PMDA-ODA separately from the PPV. This could open a new
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processing route to obtaining designed supramolecular structures composed of containing

non-charged molecules for use in a variety of applications.

3.3.D. Heterostructures for Acid Barrier Testing

As an example of the type of heterostructures which can be made from charged
and non-charged molecules via layer-by-layer assembly, acid barrier structures involving
the sequential adsorption of 4.5 bilayers of PAni (PAni on top) with
poly(vinylpyrrolidone) (PVP) followed by PMDA-ODA assembled layers of varying
thickness were constructed to assess the ability of the PMDA-ODA containing bilayers to
act as a barrier layer to acid migration. The visible spectrum of PAni is known to be very
sensitive to pH, due to the sensitivity of the free charge carrier absorption band near 880
nm to the level of protonic doping of the emeraldine base [134]. Thus, the films of
PAni/PVP were used as a pH indicators. On top of these pH indicators, 1,2,5, and 10
bilayer films of either 0.2M NaCl ionic strength adjusted PAmA/PAH or 0.2M NaCl ionic
strength adjusted PAmA/pPPV were assembled. By measuring the time needed for a 20 pl
drop of pH 0.8 methane sulfonic acid to turn the heterostructure film from blue to green
(de-doped to doped), the effectiveness of the top barrier film could be gauged.

Prior to conversion of the PAmA to PMDA-ODA, the change in color in all films
was nearly instantancous. But, after thermal conversion, the time needed for the color
change scaled with the number of barrier bilayers,with the barrier bilayers of PPV/PMDA-
ODA being two to three times better at delaying the color change. However, none of the
barrier layers were successful at completely stopping the color change and even the best
delays were only on the order of several minutes. Nevertheless, this barrier layer study
illustrates that a heterostructures with nanometer thick bilayers of simple polyelectrolytes,
precursor polymers, and conducting polymers can easily be fabricated to exploit one, or

all, of the component properties.
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3.5 Concluding Remarks

It has shown that despite the differences in the nature of the polycations, this
technique delivers a linear build-up during film deposition with a thickness per bilayer that
can readily be adjusted by manipulating the ionic strength of the poly(amic acid) solution.
Infrared and visible spectroscopy confirm that in all three systems it is possible to convert
the poly(amic acid) into the polyimide through either thermal or chemical means. For the
sequential adsorption of the poly(amic acid) with the tetrahydrothiophenium precursor to
poly(p-phenylene vinylene), it was demonstrated that it is possible to assemble two
precursor polyelectrolytes and to either convert both precursors thermally into their
respective intractable forms or to chemically convert just the poly(amic acid) into the
polyimide. It is also proven that more complex heterostructure systems composed of
layers of poly(amic acid), poly(allyl amine), precursor poly(p-phenylene vinylene),
polyaniline, and poly(vinylpyrrolidone) can readily be fabricated. Thus, layer-by-layer
assembly provides a simple method for the fabrication of ultra-thin films with complex

supramolecular architectures.
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Chapter 4. - Forster Energy Transfer within Sequentially
Adsorbed Heterostructures: A Means to Estimate Layer
Penetration

4.1 Introductory Remarks on Layer Interpenetration

For all of the diverse materials mentioned in the previous chapters which have been
sequentially adsorbed, the level of interpenetration of the adsorbed layers is a common
structural parameter of concern. In the case of interpenetration of  adsorbed
polyelectrolytes layers, an early work which used Small Angle Neutron Reflectivity
(SANR) with deuterated and non-deuterated versions of sulfonated polystyrene (d-SPS,
SPS) assembled with poly(allyl amine hydrochloride) (PAH) under high ionic strength
solution conditions (2M NaCl) has estimated the level of interpenetration for a 55A bilayer
composed of ~20A of PAH and ~35A of SPS or d-SPS to be about 12A - less than the
thickness of one bilayer [74]. A more recent study based on XPS and contact angle data of
assembled films of SPS and PAH on surface treated poly(ethylene terephthalate) (PET)
has likewise concluded that the layers are well “stratified” even for very thin bilayers
[116]. In contrast, other recent studies on sequentially adsorbed films SPS/PAH have
found very different results. One recent work which uses a Surface Force Apparatus
(SFA) on assembled films of SPS and PAH has concluded that a SPS segment can
penetrate through three adjacent layers which implies that the SPS "layer" can actually be
spread out over three bilayers [71]. Similarly, a recent work which estimates the
interpenetration of layers by measuring the electron transfer between a polyelectrolyte
containing a electrochemical viologen and a treated gold substrate separated by varying
numbers of spacer bilayers of SPS/PAH concludes that the redox active viologen was
distributed over a distance of at least 2.5 bilayers from the layer's nominal location [145].
Yet, the necessity of being close to the substrate coupled with the nonlinear deposition of
the first several bilayers observed in this study, question whether the same conclusion
could be drawn for bilayers away from the influence of the substrate. The same concern as

to whether, or not, the measurements taken by surface sensitive techniques such a XPS,
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sessile water drop contact angle measurement, and SFA are representative of the
penetration within the bulk of the film can be raised. This is especially true for
polyelectrolyte layers which have very different structures when dried than when hydrated
in solution. For example, it has been shown that an adsorbed SPS layer with a dried
thickness of about 7A can extend 25-40A out from the surface when hydrated [71].
Within this paper we discuss the use of Forster-type energy transfer between sequentially
adsorbed layers of poly(p-phenylene vinylene) (PPV) and a derivatized poly(p-phenylene)
(dPPP) to spectroscopically estimate the level of interpenetration between layers in a

multilayered heterostructure.

4.2 Forster Energy Transfer Theory

Both PPV and dPPP are highly fluorescing, conjugated polymers which can be
processed in the aqueous medium which is typically used for sequential adsorption. For
PPV, a film can be assembled using the water soluble tetrahydrothiophene salt precursor
and then thermally treated to convert the precursor to the non-water soluble PPV within
the assembled film. Similarly, organic light emitting devices (LEDs) which have a film of
PPV as ine emitting layer are often made by spin coating the precursor form of PPV
(pPPV) onto a conducting substrate and then thermally converting to the final conjugated
polymer [146]. However, as has been demonstrated by our group previously, sequential
adsorption can also form very thin and uniform LEDs whose planar architecture film can
readily be changed in order to both optimize and understand the operation of these thin
film devices [108,147]. Assembled films of dPPP have also been incorporated into
organic LEDs as a blue emitting layer with results summarized in Chapter 5 and elsewhere
(148]. Within the context of this paper, PPV and dPPP are used as luminescent materials
which can transfer energy via the Forster dipole-dipole energy transfer mechanism.

Forster energy transfer, also sometimes referred to as the “‘spectroscopic ruler”,
was first derived by Forster [149] and involves a spatially mediated, dipole-dipole
interaction which can transfer excitation energy from a donor to an acceptor over
separation distances of anywhere from 10 to 100 A [150]. Because the probability of

transfer between donor and acceptor is dictated by the distance between the two, this
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transfer has been widely used to determine molecular distances, and thus structure, in the
three dimensional molecular arrays of protein foiding experiments [151] and polymer-
polymer diffusion studies[152] and in two dimensional, planar molecular arrays of
Langmuir-Blodgett films [153,154]. Recently, Forster energy transfer studies have also
been extended to the case of a energy transfer from a 2-D planar array of donor molecules
to a 3-D array of acceptor molecules {155].

Energy transfer between donor and acceptor molecules can be measured in one of
two ways. The quenching of the donor photoluminescence in the presence of the acceptor
molecule can be compared to the fluorescence of the donor molecule with no acceptor
molecule present, or the increase in the acceptor molecule photoluminescence can be
compared to the photoluminescence obtained in the absence of the donor molecule. For
this paper, we choose the former method because there is some overlap in the absorbance
spectra of the dPPP and PPV which would make it difficult to distinguish between an
increase in PPV photoluminescence from energy transfer and from increased direct
excitation of the molecules. The dependence of the donor and acceptor separation distance

on the donor photoluminescence intensity can then be written as:
I ] d ¥ (4.2.1)
1+ —~

where I is the photoluminescence intensity for donor molecules spaced an average
distance of d away from the acceptor moleculcs, I is the photoluminescence intensity of
the donor molecules in the absence of acceptor molecules, and d, is the critical spacing
between layers corresponding to a 50% probability of energy transfer. Both d, and X are a
function of the geometry assumed. For example, X is equal to 6 in the case of a donor
molecule transferring energy to an acceptor molecule in 3-D space [149, 150], X is equal
to 4 in the case of a plane of donor molecules transferring energy to a plane of acceptor
molecules [153,154], X is equal to 3 in the case of a plane of donor molecules transferring

to a 3-D array of acceptor molecules [155], and X is equal to 2 in the case of transfer
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between J-type aggregates in a planar array [156]. Likewise, d,, which can be calculated
theoretically, also varies with the assumed geometry. Layer-by-layer assembled films are
assumed to be analogous to Langmuir-Blodgett films whose d, for plane to plane transfer

is given as:

a <I>
d* = *["A,LAA 422)

o

where o is an orientation factor taken to be 0.12 for layers of randomly oriented dipoles, n
is the index of refraction of the materials between the donor and acceptor, &, is the
photoluminescence quantum yield of the donor, and the integral represents the spectral
overlap of the absorbance of an acceptor layer as a function of wavelength (Ay) with the
normalized donor photoluminescence intensity (I, ) as a function of wavelength [157]. The

donor photoluminescence intensity is normalized such that :

LI ,dA =1 (4.2.3)

As can be observe from the integral portion of Equation 2, one of the conditions
for efficient transfer of energy via the Forster mechanism is a significant spectral overlap
of the photoluminescence of the donor molecule and the absorbance of the acceptor
molecule. It should be noted that this is the same condition which would be needed for the
acceptor molecules to simple absorb photons emitted from the donor molecule. However,
the contribution to the donor photoluminescence quenching from re-adsorption can easily
be quantified by knowing the absorbance of the acceptor molecules. Because sequential
adsorption produces very thin acceptor layers with low absorbance, re-absorbance of the
donor photoluminescence by the acceptor is not considered to be significant in comparison
to quenching by the Forster mechanism.

By assuming or measuring the parameters on the right hand side of Equation 2, a

theoretical value for d, can be obtained. By then comparing this theoretical value with a
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value obtained experimentally, researchers have obtained information about the amount of
the “‘perfection” of a LB layered structure [158], the ability of small molecules to penetrate
through the layered system{159], and the structural differences of wet versus dried LB
film assemblies [160]. Because LB films are assumed to be similar to sequentially adsorbed
films, these same type of studies can be carried out. In fact, this technique has already been
used to characterize the diffusion of small molecules through assembled films [161].
Additionally, by using time-resolved fluorescence measurements, information could be
gathered not only on the average separation distance of donor and acceptor molecules, but
also on the distributions of distances between the donor and acceptors. This has been done
on end-tagged polymers [162] and other layered structures {163].

In this study, the steady-state FOrster energy transfer of excitation energy from
adsorbed layers of dPPP, a derivatized conjugated polymer of poly(p-phenylene), to layers
of poly(phenylenevinylene) (PPV) is discussed. By building heterostructures in which the
layers of dPPP and PPV are separated by increasing numbers of non-interacting bilayers,
measuring the reemergence of the quenched dPPP photoluminescence with increasing
separation from the PPV layer, and then comparing the experimental results to those
predicted by theory, one can gain structural information concerning the relative level of
interpenetration of the assembled layers. The primary polycation/polyanion non-interacting
spacer pair considered is poly(methacrylic acid) (PMA) and poly(allylamine hydrochloride)
(PAH), but additional results using spacer bilayers of PAH with sulfonated polystyrene
(SPS) and with poly(acrylic acid) (PAA) will be briefly discussed.

The fabrication of assembled films of the non-conjugated polyion PAH with a
variety of polyanionic species (usually SPS) has been investigated thoroughly within the
literature,[1,69,72-74,98, 100-101,116,164,165,166,167] but the assembly of films
containing PMA and PAA have been reported to a lesser extent [166,110]. Our group has
thoroughly investigated the assembly of PAH with PMA and PAA under a variety of
different solution conditions[168]. Because all of these non-conjugated spacer polymers
do not absorb in the spectral regions of interest, they can be used as inert spacer layers
between photophysical interacting layers of dPPP and pPPV in this investigation. The

chemical structures of these materials are displayed in Figure 4.2.1
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4.3 Experimental

The sodium salts of poly(methacrylic acid) and poly(acrylic acid) were received
from Aldrich as a 30% and 25% aqueous solution with molecular weights of 15K and
90K, respectively. The poly(allylamine hydrochloride) was received from Aldrich as a
powder with a molecular weight of 50-65K. The sodium salt of the poly(styrene sulfonate)
was received from Polysciences as a powder with a molecular weight of 500K. For
heterostructures with PMA/PAH spacer layers, the tetrahydrothiophenium precursor to
the poly(p-phenylenevinylene) was synthesized by the THT method [169] and provided by
Dr. B. R. Hsieh of the Xerox corporation as a viscous aqueous solution with a
concentration of approximately 0.001 M (moles of monomer). For heterostructures with
spacer bilayers of SPS/PAH or PAA/PAH, the tetrahydrothiophenium precursor to the
poly(p-phenylenevinylene) was purchased from Lark Enterprises (Webster, MA) as a
0.01M solution. The synthesis of the linear, water soluble, derivatized poly(p-phenylene)
(dPPP), poly[2,5-bis(3-sulfonatopropoxy)-1,4 phenylene-alt-1,4-phenylene], has been
previously described {170].

The solution conditions for the three sequentially adsorbed heterostructures
examined are summarized in Table 1. The sodium salt of dPPP was dissolved from a
powder, diluted to a concentration of 10° M in Milli-Q water, pH adjusted to 3.5, and
suction filtered through a 0.8 um filter immediately prior to use. The sodium salt of
poly(methacrylic acid) was diluted in Milli-Q water solutions to a concentration of 0.005
M, pH adjusted to 3.5, and suction filtered through a 0.8 um filter immediately prior to
use. The sodium salts of poly(styrene sulfonate) and poly(acrylic acid) were diluted to
concentrations of 0.01M, pH adjusted to 4.5, and suction filtered through a 1.0 um filter
immediately prior to use. For the PMA/PAH and the SPS/PAH spacer bilayers, a 0.005 M
PAH solution at pH 3.5 was used. For the PAA/PAH spacer bilayers, a 0.01M, pH 4.5
PAH solution was used. All PAH solutions were also suction filtered through a 1.0 um
filter immediately prior to use. The precursor PPV solution received from B. Hsieh was
diluted by a factor of 50 with Milli-Q water (~0.0002M with an unadjusted pH cf ~5 ), but

was not filtered due to the high viscosity. A similar concentration was used for the PPV
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precursor received from Lark Enterprises for films with SPS/PAH spacer layers
(~0.0002M with pH ~3.5). The heterostructures made with spacer bilayers of PAA/PAH
used a dilution of the PPV precursor received from Lark Enterprises of 1:100 at pH 4.5.
All Lark precursor PPV solutions were filtered through a 20um glass filter immediately
prior to use. Though the viscosities of the two type of precursor PPV (pPPV) varied
greatly, their photophysical properties of interest were the same. Furthermore, the effect
that any of the changes in solution conditions had on the amount of materials adsorbed

was quantified during the characterization of the films.

Table 4.3.1 - Solution conditions used for the thiree heterostructures examined

Spacer dPPP pPPV Polyanion PAH
Bilayer Solution Solution Solution Solution
Conditions | Conditions Conditions Conditions
PMA/PAH | 0.001 M 0.0002 M PMA-0.005M |0.005M
pH 3.5 pH 4.5° pH 3.5 pH 3.5
SPS/PAH | 0.001M 0.0002 M SPS-0.01 M 0.005M
pH 3.5 pH 3.5° pH 2.5 pH 3.5
PAA/PAH | 0.00IM 0001 M PAA - 0.01M 0.01M
pH 3.5 pH 4.5° pH 4.5 pH 4.5

a - pPPV received from B. Hsieh {Xerox), b- pPPV received from Lark Enterprises

Substrates used for assembly included hydrophilic glass slides, silanized glass
slides, and hydrophilic single crystal silicon wafers. The hydrophilic glass slides were
prepared as previously noted [166]. The silicon substrates for the PMA/PAH spacer
heterostructure were cleaned similar to the hydrophilic glass with the exception that they
were only exposed to the piranha solution for 30 minutes due to this solution’s tendency
to etch the surface of the silicon at longer times. To avoid this etching, the silicon wafers
used for the subsequent PAA/PAH and SPS/PAH spacer heterostructures were cleaned by
submerging them into a sulfuric acid solution saturated with chromium trioxide
(“Chromerge” solution) for at least 4 hours. Similar behavior was obtained on both types
of cleaned substrates. Prior to dipping, a preparatory bilayer of PMA/PAH was adsorbed

to the silicon surface to promote build-up.
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The silanized substrates were prepared by submerging freshly clean glass slides
into solutions of methanol, 1:1 methanol : toluene, and toluene for several minutes each
and, then into a covered 1 vol% solution of n-(2-aminoethyl)-3-aminopropylmethyl
trimethoxysilane in toluene for approximately 14 hours. The substrates were then taken
through the toluene/methanol solutions in reverse order (toluene, toluene : methanol,
methanol) for several minutes each. Following the organic solutions, the substrates were
thoroughly rinsed with Milli-Q water and submerged into a 10? monomolar solution of
sulfonated polystyrene with 0.1 M NaCl. The substrates were then air dried and stored
until used.

The procedure used for sequential adsorption was the same as that given in
Chapter 2 on page 42. All rinse water was used without pH adjustment with the
exception of the PMA/PAH spacer heterostructure with one bilayer of separation which
required pH 3.5 rinse water in order to obtain a high quality film. Once assembled onto
the substrates, the polymeric films were characterized using profilometry, ellipsometry,
contact angle measurements, and UV-Visible spectroscopy. A Sloan Dektak 8000
profilometer with a 2.5 um stylus with a weight of 10 mg and a medium scan rate was
used to determine the step heights of scratched films on hydrophilic glass and silicon
substrates. A Gaertner multiple wavelength ellipsometer was used to determine the index
of refraction and film thickness of the films assembled on silicon. An index of refraction of
1.550 was assumed for films below 200A due to the fact that the ellipsometer had trouble
converging to consistent values for both the film thickness and index of refraction for such
thin films.

A Spex Fluorolog with a CCD detector was used to determine the
photoluminescence intensity spectrum of both films on glass and of dPPP solutions in
cuvettes. The films on glass were mounted perpendicular to the incident radiation and
measured in “front face” mode at an angle of 22.5° from the incident radiation. The dPPP
solution was placed in a 1 cm path length cuvette which was polished on all four sides,
mounted so that the incident radiation was perpendicular to one of the sides of the
cuvette, and then measured in both “front face” mode and at a right angle to the incident

radiation. The quantum yield of dPPP was estimated based on a comparison of the
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normalized solution photoluminescence of dPPP against dilute solutions of Stilbene 420
(ak.a. Stilbene 3) and Coumarin 440 (ak.a. Coumarin 120) which have reported
theoretical quantum yields in methanol of 71% and 72%, respectively [171]. Both of these
laser dyes absorb and fluorescence in the same spectral regions as dPPP. By measuring the
dPPP solution photoluminescence for a range of concentrations, it was observed that the
more concentrated solutions had lower normalized photoluminescence intensities. For a
concentration range of 4 x 10° M to 1 x 10° M, which corresponded to a sample
absorbance of 0.046 to 1.024, the estimated quantum yield exponentially decayed from
15% to 0.34 %. When the normalized photoluminescence of the dPPP in solution was
compared against the dPPP in several sequentially adsorbed films which were believed not
to be quenched or shifted by the presence of the PPV, nearly the same values and the same
decrease with increasing sample absorbance was observed. The exponential decrease in
photoluminescence intensity and the fact that nearly the same decrease was observed for
solutions as for films suggests a decreased photoluminescence from re-adsorption.
Therefore, it was assumed that the quantum yields determined from the dPPP solutions are
viable estimates of the quantum yield of the dPPP molecules in the film for a given sample
absorbance. Because most of the dPPP containing films had an absorbance of below 0.2,

the range of estimated quantum yields for the dPPP films could be narrowed to 5-15%.

4.4 Experimental Results of PMA/PAH Separation Study
To put the results obtained from the heterostructure films into context, a

discussion of the build-up and the photophysical properties of the sequentially adsorbed
films of dPPP and pPPV will precede the experimental results obtained for the
heterostructure films with spacer bilayers of PMA/PAH. This experimental results will
then be analyzed in terms of a proposed model of energy transfer between diffuse layers. A
brief summary of the results obtained for heterostructure films with spacer bilayers of
SPS/PAH and PAA/PAH will then follow.
4.4.A. Assembly and Characterization of pPPV/dPPP Sequential Adsorbed Films
Using the typical dipping parameters mentioned in the experimental section of this

paper, assembled films of pPPV with dPPP (no spacer layers) were fabricated from
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solutions with no ionic strength adjustment on a variety of substrates including hydrophilic
glass, silanized glass, and silicon wafers. Regardless of the substrate used, the build-up of
each film was shown to proceed linearly up to over 40 bilayers as measured either by
ellipsometry and/or as determined by UV-Vis adsorption at the dPPP absorbance
maximum near 360 nm. Figure 4.4.1 illustrates the linear build-up of a dPPP/pPPV film on
hydrophilic glass by UV-Visible absorbance. This linearity in build-up implies that the
same amount of material is being deposited in each bilayer deposition cycle for all the
various substrates. Despite the commonality of linear deposition, there were some slight
differences in the amount deposited per dipping cycle. The films on silanized substrates
appeared to give slightly more material adsorbed per bilayer, followed by the films on the
hydrophilic substrates and films on the silicon substrates. However, the bilayer thickness
values of the dPPP/PPV films on the different substrates were very low (3-5A/bilayer).
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Figure 4.4.1. Linear build-up of dPPP/pPPV film on hydrophilic glass as
measured by UV-Visible absorbance. Inset: dPPP peak absorbance as a
function of the number of bilayers.
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While such thin bilayers have been reported for bilayers of a PPV and polyvinyl
sulfate (PVS) [172] and for bilayers of PAH and PVS between Langmuir-Blodgett layers
[80], it is likely that the thin bilayers and the slight sensitivity of the bilayer thickness to the
nature of the surface may be indicative of either incomplete surface coverage or a “filling
in” of sites left empty by previous adsorption steps . In an effort to promote more
complete monolayer deposition, preparatory bilayers of PMA/PAH were adsorbed to the
substrates prior to adsorption of the pPPV or dPPP. Based on absorbance values for dPPP
and PPV, films which were built on hydrophilic glass with prep layers of PAH/PMA gave
approximately double the amount of both dPPP and pPPV deposited per bilayer. The
build-up dPPP/pPPV was also found to be independent of whether one or six bilayers of
PAH/PMA were used on the hydrophilic surface. Those films built on silicon substrates
coated with one bilayer of PAH/PMA, gave a bilayer thickness of 5-8 A which was double
the value obtained with no “prep” bilayer (3 A/bilayer). It is believed that the increase in
the amount of dPPP and pPPV adsorbed with the use of preparatory bilayers is linked to
the creation of a loopy surface which has a lower entropic penalty for adsorption (as
mentioned in Chapter 1) and more overall charge than the planar substrate.

While using *“prep” layers on a substrate appears to give bilayer thickness values
which are more consistent with full surface coverage, one can also increase the amount of
material deposited per bilayer by adjusting the ionic strength of the polyelectrolyte
solutions. By adding a salt such as NaCl to a polyelectrolyte solution, the charges along
the polymer backbone can be shielded from one another to the extent that the adsorbing
polymer molecule can assume a more loopy conformation which results in more material
being deposited and an overall thicker bilayer. Several, 10 to 20 bilayer assembled films of
dPPP/PPV were fabricated under three different dPPP solution salt conditions of no salt,
0.1 M NaCl, and 0.4 M NaCl on both hydrophilic glass slides and hydrophilic glass slides
coated with 5 bilayers of PAH/PMA. Solutions with 0.5 M NaCl were observed to
precipitate when left standing at room temperature overnight and were therefore
considered to be the solubility limit for this solution. For all films a linear build-up of dPPP
was observed by UV-Visible absorbance. As can be observed from Figure 4.4.2, the

increase in dPPP peak absorbance per bilayer scaled with the square root of the salt
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concentration for films both with and without preparatory layers as predicted by single
layer adsorption theory [17]. This same trend has been previously observed for other
sequentially adsorbed systems [164]. The observation from UV-visible spectroscopy after

conversion that the absorbance of the dPPP and the PPV maintains approximately the
same ratio for all of the films examined is consistent with the contact-ion pair mechanism
of sequential adsorption discussed in Chapter 2 in which an increase in the thickncss of
one layer causes a corresponding change in the thickness of the other layer as the system
attempts to maintain charge stoichiometry [71]. It is also interesting to note that. even
though the added salt increased the amount of material deposited, which made it more
likely that full surface coverage was being achieved, there was still some additional

amount of material adsorbed when PAH/PMA preparatory layers were used on the

substrates.
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Figure 4.4.2 The peak absorbance of dPPP per bilayer as a function of
the amount of NaCl added to the dPPP solution for films adsorbed
onto bare hydrophilic glass and glass with 5 bilayers of PMA/PAH.
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Figure 4.4.3 shows that the photoluminescence peak of the dPPP from the
dPPP/pPPV films (before conversion) was observed to be broadened and red-shifted
relative to those peaks observed from dPPP solutions and assembled films of dPPP and
PAH. In order to help determine the origin of this red-shift, films were cast from solutions
containing both dPPP and pPPV in various molar ratios, allowed to dry in air at room
temperature, and measured before conversion. Because the red-shifting scaled with the
amount of pPPV present and there was both a small amount of absorbance near 350 nm
and a photoluminescence peak near 500 nm for a 100% pPPYV cast film, it was concluded
that the red-shifting was likely caused by the partial conversion of pPPV to PPV during
assembly and film storage at room temperature. No difference in the absorbance spectra of
the dPPP/pPPV films was observed because the absorbance of the partially converted
pPPV was small and overlapped the absorbance of the dPPP. This conclusion of partial
conversion of pPPV was further supported by the fact that the amount of red-shifting
scaled with the length of time the film was stored at room temperature before
measurement. This demonstrates the strong influence that PPV has on the
photoluminescence of the assembled film.

To fully convert the pPPV, a thermal conversion of 210° C for 11 hours under
dynamic vacuum was performed. As can be observed in Figure 4.4.4, the thermal
conversion of pPPV to the conjugated PPV was marked by the formation of an
absorbance peak at higher wavelength from the dPPP absorbance peak. Because this peak
overlapped the absorbance peak of the dPPP, a simple deconvolution involving the
subtraction of the dPPP absorbance before conversion from the absorbance spectrum after
conversion was made in an attempt to determine the absorbance of the PPV. By measuring
the absorbance spectra of several 100% dPPP cast tilms before and after the same thermal
treatment, it was known that the absorbance spectrum of the dPPP did not significantly
change under such thermal conditions. The deconvolution revealed a PPV absorbance
centered around 420-430 nm for all the films examined. This is similar to what has been
observed previously in our group for assembled films of PPV with other sulfonic acid

containing polyraers such as sulfonated polystyrene (SPS) [108).
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Figure 4.4.3 Normalized photoluminescence spectra showing the red-
shifting of the dPPP/pPPV films relative to films of dPPP/PAH and
the dPPP in solution.

It can be observed from the deconvoluted PPV peak in Figure 4.4.4 that there was
still a small, but significant, amount of PPV absorbance at 350 nm and lower. This is
significant because it means that when the photoluminescence of converted films is
measured with an excitation wavelength at 350 nm, or lower, both the dPPP and the PPV
molecules will be directly excited into luminescence. However, when such a measurement
was made for these films, the result that was actually obtained was that the dPPP
photoluminescence peak which was typically observed at 420 nm was entirely quenched
and only those peaks associated with the PPV were observable as denoted in Figure 4.4.5.
Given that the dPPP photoluminescence peak and the PPV absorbance peak occurred in

the same spectral region, simple re-adsorption of the blue light by the PPV

118



005 T v I ¥ 1 ' I v 1 ¥ i M ! 4 I
dPPP/PP‘

/

003

0.02 dPPP/pPPV

Absorbance

0.01

0.00

1 i 1 N 1 " 1 A 1 A 1 " 1 " 1

300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 4.4.4 Deconvolution of the absorbance spectrum of a dPPP/PPV
film (after conversion) with the film absorbance before conversion
(dPPP/pPPV) to obtain the absorbance spectra of the converted PPV,

would most certainly be occurring. However, because the PPV layers are thin and their
overall absorbance is low, re-adsorption of the radiation can be calculated to account for
only 10% of the loss in dPPP photoluminescence. Given the electron-donating nature of
PPV, photo-induced electron transfer from dPPP to PPV also seemed unlikely to account
for such quenching. Exciton migration and transfer from the dPPP to the PPV offers one
possibility for such thin and likely heavily interpenetrated films, but given the excellent
spectral overlap of the dPPP photoluminescence peak with the PPV absorbance peak,
quenching via a Forster energy transfer mechanism seems more probable. By using layer-
by-layer assembly 10 make a supramolecular structure with dPPP separated from PPV by a
certain number of non-conjugated spacer layers, measuring the dPPP photoluminescence
quenching, and making the corresponding theoretical calculations; one can not only show

that the quenching follows the spatial dependence of a Forster energy transfer mechanism,
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but can also gain important structural information regarding the level of interpenetration of

the spacer layers.
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Figure 4.4.5 Photoluminescence spectra of dPPP/pPPV
(before conversion) and dPPP/PPV (after conversion)
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Figure 4.4.6 Schematic of idealized PMA/PAH heterostructure
with a layer of dPPP separated from a layer of pPPV by
varying number of PMA/PAH bilayers. Total film structure =
[pPPV/(PMA/PAH),/dPPP/(PAH/PMA),]s.
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4.4.B. PMA/PAH Heterostructure Assembly and Characterization

Sequentially adsorbed films of PAH/PMA have been fabricate under a variety of
different solution condition to give uniform and optically clear films with controllable
bilayer thickness. Films made with the same solution parameters as will be used for the
heterostructure described below have specifically given an average bilayer thickness of 20
+ 3 A as determined by profilometry, ellipsometry, and Small Angle X-ray Reflectivity
(SAXR) on substrates of hydrophilic glass, aminosilane functicnalized glass, and silicon
wafers. The average root mean square surface roughness of the film-air interface was also
determined to be 18 A at 20 bilayers and 27 A at 40 bilayers by SAXR on silicon as
discussed in Chapter 2.

Similar to the idealized structure shown in Figure 4.4.6, complex heterostructures
involving dPPP layers separated from pPPV by 1 to 6 bilayers of PMA and PAH were
fabricated and were characterized by UV-visible spectroscopy, photoluminescence
spectroscopy, profilometry, and ellipsometry. As is demonstrated in Figure 4.4.7 for the
case of a one bilayer of separation between the pPPV and dPPP layers, the assembly of
these complex heterostructures system proceeds linearly as determined by the absorbance
of the dPPP and the deconvoluted absorbance of the PPV. One can also monitor the single
layer build-up of the heterostructure using ellipsometry, as is shown in Figure 4.4.8 for the
same case. It is remarkable to note that the single layer thickness obtained in Figure 4.4.8
is actually a compilation of data taken for different samples with different numbers of total
bilayers which remained wet during assembly and for single films which were dried and
measured during the assembly process. It is also interesting to note that the average
bilayer thickness of 22 A which was measured for both of the spacer layers within the
[PPV/(PMA/PAH),., /dPPP/(PAH/PMA),.,] heterostructure repeat unit is very close to
that obtained for assembled films of pure PMA/PAH of 20 A. The average single layer
thickness contribution from dPPP and pPPV was measured 1o be 16 A and 8§ A,

respectively.
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Figure 4.4.7. Linear build-up of heterostructure assembly with 1 bilayer
of separation between layers of dPPP and pPPV as measured by dPPP
peak absorbance during build-up and deconvoluted PPV absorbance
after conversion for several films on glass.
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As can be observed in Figure 4.4.9, the thickness of the heterostructure repeat
unit, as measured by profilometry, with increasing numbers of separation bilayers scales
linearly with the number of separation bilayers (x=1,2,3,4,5,6). Comparing values before
and after conversion reveals that there is a contraction in the film thickness which scales
with the number of spacer layers and can account for a decrease in film thickness of up to
18%. From the slope of the "after conversicn” line, an average spacer bilayer thickness of
19 A (21A from the “before conversion” line) can be determined under the assumption
that the amount of donor and PPV remains constant as the number of separation bilayers
is increased. However, as can be observed in Figure 4.4.10, there are some fluctuations in
the amount of dPPP and PPV incorporated into the heterostructure with increasing
number of spacer bilayers. For example, one can observe a drastic increase in the amount
of dPPP and PPV incorporated in the structure in going from no separation layers to 1
bilayer of separation. This is caused from the change in the nature of surface onto which
the PPV and the dPPP molecules are adsorbed. For example, much more material should
be adsorbed to the loopy surface which is expected for PMA/PAH than should be
adsorbed for the relatively flat surface which is expected from the assembly of two highly
charged molecules such as dPPP and pPPV. This is also consistent with the observation of
increased adsorption of both dPPP and PPV with the use of “prep” layers of PMA/PAH.
As the number of separation bilayers is increased to 6, one can observe a gradual decrease
in the amount of PPV and a significant increase in the amount of dPPP. This decrease in
the absorbance of the PPV may be linked to a decrease in the conversion efficiency in
thicker films (over 65 bilayers assembled in the case of 5 heterostructure repeat units with
6 bilayers of separation). The increase in dPPP may be related to the increase in surface
roughness or loopiness as the number of spacer bilayers is increased. It should be noted
that though all the other films examined throughout this study were relatively uniform and
clear, the films with one bilayer of separation required rinse baths which were pH adjusted

to 3.5 in order to achieve similar uniformity.
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measured by profilometry before and after thermal conversion.

125



‘uoneredss jo s19Ae[iq JO JaquINU 3y} JO UONOUNY
e se oueqlosqe yead Add pue JddP :19SU] "UOISIaAUOD IaYe sse[3 uo s1ake[iq uoneredas jo 1aquinu
Suisearour ue yiim swy aInonnsorady Add/dddp Jo suun jeadar o[ Jo adueqiosqe WLy "0l 4 2181y

(wu) PSus[oAR
00L 009 00S 00v 00¢
L N 1 : 1 1 L 1 N 1 .O0.0
\ uoneredas '1g o
uoneredss ‘1g | 15070
>
uoneredss '1g ¢ .‘ loro &
o
uoneredas '1g ¢ o
[/ 1510 &
uoneredas ‘1g ¢ _ ] =
uoneredas ‘1g ¢ 4 1ozo @
uoneredsg '1g 9
s1oke[ig uoneredag jo soqunN 7 mNO
> s v & T 10 .
1200 .. .
loo 5 © 0¢0
{900 &
o =
1800 & §
loro & =3
{eio © =

1148Y

126



Another interesting effect which was observed with the addition of spacer bilayers
is that the maximum wavelength of the PPV absorbance is blue shifted. In the non-
separated PPV/dPPP films the deconvoluted PPV absorbance is centered around 425 -
430 nm which is close to the maximum observed for assembled films of PPV and
sulfonated (polystyrene) (SPS) of 420 nm [108]. When the PPV is then separated from the
donor polymer by one spacer bilayer, one can observe a shift to around 390 nm. With
further separation, the PPV maximum remains constant near 390 nm, which is close to the
PPV maximum typically observed for assembled films of PMA and PPV of 380 nm [108].
This change in PPV absorbance with local environment can be attributed to an increase in
conjugation length due either to an increase in conversion efficiency in the presence of the
sulfonic acid or to the ability of the PPV molecule to obtain a more planar conformation in
the presence of SPS. This trend has been further substantiated by others within our group
who have assembled pPPV with poly(acrylic acid) (PAA) and carboxylic acid derivatized
polystyrene (CPS) (derivatized so as to have a carboxylic acid group in the para position
as opposed to the sulfonic acid [173].

By combining all of the data taken on the heterostructure films by profilometry,
ellipsometry, and UV-visible spectroscopy, estimations of the film structure for each
heterostructure were made which took into account any fluctuation from the idealized
heterostructure repeat unit shown in Figure 4.4.6. The resultant estimations were
remarkable consistent as can be observed from a comparison of the estimated layer
thickness values for a heterostructure with a separation of one PMA/PAH bilayer as
measured by profilometry and UV-visible spectroscopy on glass (PPV = 7.7A, PMA/PAH
= 22.6A, dPPP = 15.2A) with that measured by ellipsometry on silicon (PPV = 8A,
PMA/PAH = 22A, dPPP = 16A). As the dPPP and PPV layers are further separated, the
spacer layer thickness are calculated to remain relatively the same at 20.3 + 2.2 A while
the PPV thickness contribution decreases to a low of 2-3 A for the heterostructure
separated by 6 bilayers and the dPPP thickness contribution increases to a high of 25 A for

the same film (all estimated after conversion).
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When the pPPV in the heterostructures was converted to PPV with a thermal
treatment of 210 ® C for 11 hours and the film photoluminescence was measured, one
could observe the reemergence of the photoluminescence of the dPPP with increasing
spacer bilayers. In order to quantify the amount of reemergence, the photoluminescence
spectrum of the dPPP was separated from that of the PPV by a deconvolution which
involved subtracting the product of the adjusted donor photoluminescence spectrum
before conversion (adjusted such that the maximum is set equal to one) and a constant,
from a similarly adjusted photoluminescence spectrum of the film after conversion. The
value of the constant was found iteratively by deducing the value which gave flat baselines
for the remaining PPV photoluminescence spectrum. This method effectively calculated
the proportion of the converted film photoluminescence spectrum which could be
attributed to the photoluminescence of the dPPP and the proportion attributed to the PPV.
An example of this deconvolution can be viewed in Figure 4.4.11 for the case of a
dPPP/PPV heterostructure with 3 bilayers of separation. After determining the relative
proportions of the photoluminescence peaks of the dPPP to that of the PPV in the
converted film, the experimental photoluminescence intensity (in counts per second) of
both the donor and the PPV could be obtained by simply multiplying by the maximum of
the initial experimental photoluminescence spectrum of the converted film. With the
deconvoluted photoluminescence spectra of the donor and the PPV now in units of counts
per second, each individual component can be normalized to the absorbance of the
individual components.

Normalizing the photoluminescence spectra of the dPPP before conversion by the
film absorbance, provided an average photoluminescence efficiency in the absence of the
acceptor molecule, I. Because the photoluminescence peak shape of the dPPP was
consistent and not broadened in all of the separated films examined, photoluminescence
intensity comparisons were made with peak maximums rather than the area under the
peak. The average photoluminescence peak maximum per absorbance unit and exposure
time for dPPP was determined to be 1.9 x 106 cts/(abs. unit * s) with a high standard
deviation of 1.6 x 100 cts/(abs. unit * s) which is probably linked to the self-

128



quenching observed in the solution state. However, the normalized dPPP

photoluminescence intensity changes through several orders of magnitude with quenching

which makes such trends easily discernible over this inherent noise. For clearer viewing,

photoluminescence intensities were plotted on a log scale which translates into normalized

photoluminescence intensity with no energy transfer of 6.1 £ 0.4 Log[cts/(abs. unit * s)).
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Figure 4.4.11 Photoluminescence peak deconvolution of the dPPP
and PPV emitting components for a heterostructure film with 3
bilayers of PMA/PAH separating the dPPP layer from the PPV layer.
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Using these methods to obtain the normalized photoluminescence efficiency of
both PPV and dPPP after conversion, the energy transfer from dPPP to PPV can be
followed through the reemergence of the dPPP photoluminescence. As can be viewed in
Figure 4.4.12, the majority of the normalized dPPP photoluminescence reemerges after
only one bilayer of separation. However, the quenched normalized photoluminescence of
the dPPP is still below one standard deviation of the average normalized
photoluminescence prior to conversion and requires a third bilayer of separation before
being completely returned to the pre-conversion efficiency. Further analysis of the data
can be made in the context of Forster energy transfer theory to estimate the level of

penetration within the layers of the heterostructure.

4.4.C. Discussion of PMA/PAH Heterostructure Results

Using Equation | with X = 4 which describes a two dimensional layered structure
with a donor-acceptor layer separation of d, a theoretical relationship between the amount
of dPPP photoluminescence quenching and the layer separation can be calculated for a
known d,. As denoted in Equation 2, d, in turn, can be calculated by making reasonable
assumptions regarding the orientation of the dipoles and by using experimentally
determined values for the remaining variables which include the dPPP quantum yield, the
index of refraction, the PPV layer absorbance, and the spectral overlap integral of the PPV
absorbance and the dPPP photoluminescence. The dPPP quantum yield was cstimated to
be 5-15% as previously discussed. The index of refraction of PAH/PMA assembled films
was measured by ellipsometry to be approximately 1.55 at 633 nm. The spectrum of the
PPV absorbance was obtained by the previously mentioned deconvolution of the
converted film absorbance spectrum. And, the overlap integral was calculated numerically
using the deconvoluted PPV absorbance spectrum and the non-shifted dPPP
photoluminescence spectrum. Using these pieces of experimental data, a theoretical range
for d, of 40 to 53 A was calculated for the given films.
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Figure 4.4.13 Determination of experimental quenching exponent X

By combining the structural information gain by ellipsometry, profilometry, and
UV-Visible spectroscopy with the normalized photoluminescence data, the assumption in
Equation 1 that the exponent X is equal to 4 was tested by measuring the slope of the line
given by a plot of log(d) vs. log[(L/Ls)- 1] where d is taken as the distance between the
centers of each layer. As can be observed in Figure 4.4.13, such a plot leads to a slope of
-3.55 which corresponds to X = 3.55. If the lower point for the film with two bilayers of
separation is removed, a much better fit through the remaining data and a value of X =
3.70 is obtained. While these values are close to the theoretical value of 4 for perfect
discrete layers, a value of less than 4 suggest that there is some diffuseness in the layer
which is analogous to the energy transfer between a plane and an array of molecules for
which X = 3.

132



4.5 Application of a Diffuse Layer Energy Transfer Model

In an attempt to quantify the diffuseness of the sequentially adsorbed layers, the
layers were mathematically modeled as having some level of interpenetration into the
adjacent layers. Using an error function, the average layer density profile of a relatively
discrete layer could be modeled as a “block” function with slightly rounded edges, while a
very diffuse layer could be modeled as a very broad Gaussian distribution of segments.
Both of these distributions, as well as all the intermediate distributions, were assumed to
be symmetric about a distribution center. The separation between distribution centers was
based on estimations of the layer separations derived from experimental data. The area
under the distribution curve was also adjusted to correspond to the experimentally
determined contribution that a layer made to the film thickness under the assumption of
constant density. As a simplifying assumption, the same level of interpenetration was
assumed for both the dPPP and the PPV layers.

The quenching efficiency of a certain distribution was calculated by first
determining the probability of transfer (p;) for an individual section i of donor molecules to
an individual section of acceptor molecules at a fixed separation distance (d;) using

Equation 1 with a theoretical derived value for d, [pi; = f (d;,do)] given as

4
doy

p. ) = —
" d‘j‘+d3

(4.5.1)

Of course, because the acceptor molecules have an assumed spatial distribution of
their own, one actually calculates a range of values p;; corresponding to different values
for d;. Because the molecular density distributions are suppose to represent a 1-D cross-
sectional average of a 3-D film, a weighting function (wy) which is proportional to the
acceptor molecular density at distance d; should be multiplied by the probability of transfer
for the slice of donor molecules. This weighting function takes into account the fact that a

small amount of material in the tail of the acceptor molecule distribution which will appear
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to be the closest to the donor slice (and therefore have the highest probability for transfer)
in a 1-D representation, but may actually be spaced far apart in 3-D space. Instead, the
probability of a donor slice being close to such segment will be proportional to the average
amount of acceptor molecules within a particular 1-D slice. If this weighting function were
not used, every slice of donor molecules would transfer energy to the same few acceptor
molecules because in a 1-D representation they appear to be the segments closest to the
donor distribution. It was then assumed that each slice of donor molecules will transfer
energy at a distance d which corresponds to the maximum in the weighted probability
distribution given by the multiplication of p; by wy as shown in Figure 4.5.1. The
probability of transfer for that slice of donor molecules can then be calculated by

substituting this distance into the following equation:

4
do

p=—2—
o (d)* +d?

(4.5.2)

where d is d; at the maximum of p;;*wx. Knowing the probability of transfer for
each slice of donor molecules, the probability of transfer for the entire distribution can
then be measured through the summation of the product of the slice transfer probability
(P;) and the volume fraction of donor molecules present within the slice (v;) which is given

as

I

P=2Fv (4.5.3)

Because symmetry has been imposed on the distribution profiles of the donor and acceptor
molecules, the calculation can be simplified to consider only the transter from one side of

the donor distribation to the adjacent acceptor distribution.
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and a weighting function, wy, which is proportional to the distibution of
acceptor molecules.
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By using the above equations, a molecular distribution profile can be adjusted for a
given separation to result in the same amount of donor fluorescence quenching as is
observed experimentally and, therefore, provides an estimate of the depth of penetration of
the profile tail into the adjacent layers. For example, in Figure 4.5.1 one can observe that
the experimental data denoted by the squares are more heavily quenched in comparison to
what is predicted by theory for discrete (non-interpenetrated) layers with a predicted
critical energy transfer distance of between 40 and 53A (denoted by the dashed lines). This
discrepancy is again an indication that there is some *“diffuseness” to the assembled layers.

In an attempt to quanufy the range of penetration, a lower bound and upper bound
fitting of the data was performed using the above model. The lower bound fitting should
represent the most heavily interpenetrated layers and involves simply assuming the lower
extreme value for d, of 40A and then trying to determine the profile which will produce a
lower bound fitting of the data. Similarly, the upper bound fitting should represent the
least interpenetrated layers and be calculated using the upper extreme value for d, of 53A.
The profiles obtained in this manner are gaussian distributions which have tails which
effectively go to zero at distances from the center of the distribution of approximately 55A
and 25 A, respectively. Because the typical discrete layer thickness would be about 19A
for the dPPP and 6A for the PPV, this corresponds to a interpenetration over the discrete
layer model of about 45-52A for the upper bound and 15-22A for the lower bound for an
overall range of 15-52A, or 1 to 2.5 bilayers. As can be observed in Figure 4.5.2, these
upper and lower bound estimates (denoted by the solid lines) effectively bound the
experiment data points. More emphasis should be placed on the data points below 0.4
because of the observed large standard deviation in non-quenched films which can be
attributed to the presence of other quenching mechanisms. Volume fraction distribution
profiles corresponding to an intermediate degree cf penetration using d, = 46.5 A (the
average of 40 and 53A) are shown in Figure 4.5.3 along with the profiles predicted for
discrete layers of dPPP and PPV. The spacer layers inake up the remaining amount of

volume and are made to correspond with experimentally determined thickness values.
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Figure 4.5.2 Comparison of the re-emergence of the photoluminescence as a
function of the distance separating the centers of the dPPP and PPV layer
distributions for discrete non-interpenetrated layers (dashed lines) and for
interpenetrated layers (solid lines - upper and lower estimates).
In comparison to the other values reported for the level of interpenetration of assembled
films, the results for PMA/PAH given here (segment penetration of 1 to 2.5 bilayers)
agrees with those experiments on SPS/PAH which used the Surface Force Apparatus
(SFA) and viologen mediated electron transfer which suggest that segments could
penetrate 1.5 to 2.5 bilayers. However, if the energy migration through either dipole-
dipole coupling or exciton migration is considered to be significant, the results described
here actually represent an upper estimation to the level of interpenetration of layers.
Considering that exciton migration in conjugated polymers can be quite high [174] and
that donor-donor energy transfer has been estimated to extend over 200A at high donor
concentrations [175], we conclude that the level of penetration of dPPP or PPV into the
PMA/PAH spacer bilayers is less than 2.5 bilayers.
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Figure 4.5.3 The dPPP and PPV volume fraction profiles for heterostructures with 1 to 3
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For comparison the profiles for discrete layers of dPPP and pPPV are shown.
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4.6 Results of SPS/PAH and PAA/PAH Heterostructure Separation

Studies
Because sequential adsorption is applicable to a wide variety of polyelectrolytes,

the ability to build heterostructures in order to estimate the level of penetration between
the layers is not limited to the materials described above. In fact, other quenching studies
have been made with different donor and acceptor molecules, as well as with different
types of bilayer spacers. Here we briefly describe two additional separation studies which
use the same dPPP donor and PPV acceptor with different types of spacer bilayers. The
first spacer bilayer considered will be SPS/PAH assembled under low ionic strength
conditions. This bilayer represents one of the thinnest bilayers which can be consistently
assembled (~5-6A on silicon by ellipsometry) and the incorporation of it into a
heterostructure with pPPV and dPPP represents a heterostructure which consists entirely
of highly charged polyelectrolytes which should have relatively flat conformations. The
second bilayer considered is PAA/PAH assembled under pH conditions which give a thick
bilayer characterized by long loops and tails.

4.6.A. SPS/PAH Separation Study

The solution conditions used for the fabrication of the heterostructure repeat unit of
[PPV/(SPS/PAH),/dPPP/(PAH/SPS),], are given in Table 1 of the Experimental section
above. Heterostructures with 1 to 8 bilayers (x = 1,2,3,4,5,6,7,8) of separation were
assembled to a varying number of heterostructures of up to 12 and monitored by UV-
visible spectroscopy on hydrophilic glass and by ellipsometry on silicon with two prep
layers of PMA/PAH. Linear build-up was achieved for heterostructures with up to 120
bilayers with an average SPS/PAH measured bilayer thickness of 6A and a dPPP
absorbance which was roughly one eighth of that observed for the heterostructures made
with PMA/PAH. Following a thermal conversion of the films at 210°C for 11 hours, the
deconvoluted absorbance of the PPV was shown to roughly one half of what was obtained
for the PMA/PAH heterostructures. Film thickness values were confirmed by profilometry
and the amount of dPPP photoluminescence quenching was measured as discussed in the

previous section.
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By combining all of this structural and photophysical data, the amount of dPPP
quenching as a function of the estimated separation distance from PPV was determined
and is summarized in Figure 4.6.1. It should be noted that instead of using a range of
values for the quantum yield, the quantum yield of each heterostructure was estimated
based on the film absorbance and experimental derived curves of quantum yield as a
function of sample absorbance. As can be observed from Figure 4.6.1, the dPPP was
significantly more interpenetrated than theoretically predicted for the previous case of
PMA/PAH spacer layers. Because the data seemed to fluctuate below 0.2, no adequate
fitting of the experimental data could be performed. However, through comparison with
the data obtained for PMA/PAH, it can be concluded that the level of penetration is
greater than 53A. Even with 8 bilayers of separation (over 50A) the photoluminescence of
the dPPP is not regained. It is believed that this high level of interpenetration is due to the

formation of incomplete surface coverage which gives a highly mixed film structure.
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Figure 4.6.1 Relative amount of quenching of the dPPP photoluminescence
by PPV as a function of the separation distance made with SPS/PAH
bilayers. The lines represent the theoretical estimations made for discrete
layers with a range of values for d, of 12-53A.
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4.6.B. PAA/PAH Separation Study

The solution conditions used for the fabrication of the heterostructure repeat unit
of [PPV/(PAA/PAH),/dPPP/(PAH/PAA),], are given in Table 4.3.1 of the Experimental
section above. Optically clear heterostructures with 1 to 3 bilayers (x =1,2,3) of separation
were assembled to a varying number of heterostructures of up to 5 and monitored by UV-
visible spectroscopy on hydrophilic glass and by ellipsometry on silicon with 1 to 3 prep
layers of PAA/PAH. Based on ellipsometry data, each heterostructure had approximately
12A of PPV separated from over 60A of dPPP by PAA/PAH bilayers which fluctuate in
thickness from 57 to 131 A with the bilayers adsorbed onto layers of pPPV giving spacer
bilayer thickness values roughly twice the thickness of those assembled onto dPPP. The
thickness of the layers within the three heterostructures examined are summarized in
Figure 4.6.2. The expected PAA/PAH bilayer thickness obtained for films assembled on
silicon under identical conditions was 65A/bilayer. Profilometry measurements of the total
heterostructure assemblies on glass gave values for the film thickness which were roughly
30% thinner than those measured on silicon by ellipsometry. While more work will be
needed to completely understand all of these thickness changes in the heterostructure, the
fact that no significant quenching of the dPPP photoluminescence was observed for any of
these heterostructure films when the pPPV was converted to PPV indicates that one
sufficiently large bilayer is enough to completely prevent energy transfer from dPPP to
PPV.
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Figure 4.6.2 Schematic representation of the layer thickness values measured by
ellipsometry (before conversion) for heterostructures containing 1 to 3 spacer bilayers of
PAA/PAH. Note that the spacer bilayers deposited on dPPP layers are much thicker than
those deposited on the pPPV.

4.7 Concluding Remarks

When the three separation studies are considered together, it appears that a range
of penetration behavior can be obtained which is highly dependent on the system
assembled and not on a specific number of bilayers. If it is assumed that the highly
penetrated SPS/PAH bilayers are a result of sub-monolayer build-up which causes
additional mixing of the adsorbed layers, then the conclusion can be made that the level of
penetration of segments from one layer into an adjacent layer which consists of at least a
monolayer, is less than 50A. Though, in general, more heterostructure studies should be
made to determine under what condition this conclusion holds, the applicability of it to
systems which use salt to increase the bilayer thickness of the spacer bilayers would be of

particular interest.
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Chapter 5. - Sequentially Adsorbed Films for Organic Light
Emitting Devices

5.1 Introductory Remarks
Though the uses for electrostatic self-assembled films have been varied, one of the

most promising applications for these films is in light emitting diodes (LEDs). LEDs are
semiconducting or electrochemical devices which emit radiation (electroluminesce) in the
visible wavelength region with the application of a voltage [176]. The recent discovery
that organic semiconducting polymers and organic dyes can be used in these devices [177]

has created a flurry of research effort in this field. Current efforts have achieved high
quantum efficiencies (~4%) [178], light output intensities of 1000 [179] to 70,000 Cd/m?2

[180] under normal operation and up to 5 x 10° Cd/m2 with short voltage pulses [181],
lifetimes of over 10,000 hours [182], and a broad spectrum of colors [183,184], including
white light [185]. By blending electroluminescent polymers which emit in different regions
of the visible spectrum, it has also been possible to tune the color of some LEDs by simply
controlling the voltage applied [186].

Even though brightness and efficiency levels have been competitive with traditional
materials, the lack of long-term device stability for most of the organic LED's has been the
major stumbling block to their commercialization in the past [187]. However, recent
advances in long term device performance have lowered the barrier to commercialization
of these organic LEDs [179]. Current research efforts have even focused on the
fabrication of microcavity devices [188] for lasing in these polymer films [189] in the hope
of making thin film organic lasers which are electrically pumped.

Usually, simple organic LEDs consist of an active organic thin film sandwiched
between a transparent indium tin oxide (ITO) electrode deposited on glass and a vacuum
deposited metal electrode such as aluminum. Figure 5.1.1 illustrates a typical LED
construction. One theory on the operation of organic LEDs, put forth by I. D. Parker,
involves the tunneling of electrons and holes through interfacial barriers, caused by the
band offset between the polymer and the electrode [190], which form negatively and
positively charged polarons within the polymer [191,192]. The polarons migrate under the
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influence of an applied electric field, combine to form a polaron exciton which then
undergoes radiative recombination [193,194]. The height of the injection barrier can be
controlled by selecting an electrode with the desired work function which can in turn
affect the observed device turn-on voltage as well as the device efficiency. The lower of
the two interfacial barriers will control the flow of majority carriers and thus the current-
voltage (I-V) behavior. The higher barrier will control the flow of minority carriers and
thus the device efficiency. Because the level of injection will depend on the electric field, a
field dependent light output should also be observed. The optimum device performance
comes about when both barriers are low, the injection of electron and holes are balanced,
and the emitting material has few non-radiative pathways for excited state decay.

While Parker gives experimental evidence on derivatized poly(p-phenylene
vinylene) which confirms his claims of controlling device characteristics through selection
of the appropriate electrodes, others have seen that device characteristics are often more
sensitive to surface preparation than to the work function of the deposited materials [195].
This discrepancy has been accounted for with a band bending modified tunneling theory
(BBMT) in which barrier formation occurs through the generation of interface states
caused by impurities or polymer-metal interactions [196]. In this case, the carrier injection
becomes more sensitive to the nature of the barrier than to the work function of the metal.
Band bending by surface states will continue to be a source of further research but should,
in the mean time, emphasize the importance of sample preparation and of the polymer-
metal interactions in the fabrication of polymeric LED's. This can also be seen as a unique
opportunity for self-assembly because of its ability to control the composition of the

polymer surface to within tens of angstroms by varying the last deposited layer.
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Figure 5.1.1 Schematic representation of a polymeric based light
emitting device composed of a bottom ITO transparent electrode
and a top electrode of thermally evaporated aluminum.

Another advantage that self-assembly has in device fabrication is the ability to
readily form heterostructure devices. Heterostructure devices have been one means by
which a more balanced injection of holes and electrons, and thus eight fold increases in
efficiency, have been achieved [108]. In the case of PPV which has positively charged
polarons as the majority carrier, an electron transport layer (ETL) can be placed between
it and the metal electrode. This layer not only helps to transport negatively charged
polarons away from the negative electrode and into the emissive PPV layer, but also
provides a barrier to the migration of positively charged polarons. Therefore, they
accumulate at the interface. The intended result is that the negative and positive polarons
will efficiently combine into a polaron exciton near the PPV-ETL interface and decay
radiatively. Similarly, if needed, a hole transport layer (HTL) could also be placed between
the ITO and the emitting layer to restrict the migration of the negatively charged polarons
and increase that of the positively charged polarons. Devices having an emitting layer
sandwiched between both a ETL and a HTL have been produced using sublimed dyes and
have shown that it is possible to confine charge carriers and molecular excitons to an

emitter layers as thin as 50A [197]. With self-assembly, thin film structures can be
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fabricated with both polyelectrolytes and charged dyes. This fine level of control would be
difficult, if not impossible, using tradition fabrication techniques such as spin-coating.
Another proposed mechanism for the operation of organic LEDs which is different
from the tunneling theory discussed above is the formation of a light emitting
electrochemical cell (LEC). The operation of this device is based on the in-situ formation
of a p-n junction from the oxidation of the materials at one electrode and reduction at the
other electrode [198]. The net result of this mechanism on device performance is that, for
thin film devices, one should observe a turn-on voltage which is independent of the
electrode type and the device thickness. The device should also give symmetric plots for
both the light versus applied voltage and current versus applied voltage. Slow kinetics for
the formation of the p-n junction can lead to an observable “charging” time which can be
lowered with the addition of electrolyte counterions and ion-transporting materials. Within
this chapter, the device performance of LEDs made from films of sequentially adsorbed
layers of derivatized poly(p-phenylene) will be discussion in the context of these two

theories of device operation.
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5.2 Sequential Adsorption of dPPP with Various Polycations

While poly(phenylenevinylene) and its derivatives are the most well studied
polymers in the literature for use in LEDs [177-179,181,187,189,193-196,198,199],
poly(phenylene) (PPP) based molecules have also received attention as emitting materials
[183,184,200,201,202,203,204]. Due to its large band gap, PPP has the desired quality of
emitting in the blue region of the spectrum, which is not easily achieved by other
conjugated polymers. However, because of PPP’s low processibility in its underivatized
form, most of the above works use PPP-ladder type molecules which have chemical
bridging units between phenylene units to promote planarity, and functional groups
substituted on both the bridging unit and the phenylene unit to promote solubility. These
planar structures often have to be synthetically manipulated to avoid the formation of
molecular aggregates, which can lead to a red-shifted component of the
photoluminescence [205]. In contrast, Reynolds and coworkers have synthesized a
polyanionic version of PPP (dPPP) which is soluble in water, does not contain bridging
units, and does not exhibit significant shifting from its blue photoluminescence [170].
Because this molecule is a polyelectrolyte, it is ideally suited for sequential adsorption and
subsequent incorporation into an organic LED. In order to fully understand the device
characteristics of such a film, the properties of the sequentially adsorbed film must first be
characterized. Therefore, this section will summarize the characterization of the
sequentially adsorbed films and the following section will discuss their device properties
once the film is incorporated into an LED. The chemical structures of dPPP and the

polycations with which it is assembled can be viewed in Figure 5.2.1.
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Figure 5.2.1 Chemical structures of the polycations assembled with derivatized poly(p-
phenylene) [dPPP] - Poly(allylamine hydrochloride) [PAH], Poly(ethylene imine) [PEI],
sulfonium precursor to poly(phenylenevinylene) [pPPV], Poly(vinylpyridine) [PYR], and
polycationic derivatized poly(p-phenylene) [(+)PPP].
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The polycations assembled with dPPP include poly(allylamine hydrochloride)
[PAH], poly(ethylene imine) [PEI], the sulfonium precursor to poly(phenylenevinylene)
[pPPV], poly(vinylpyridine) [PYR], and a polycationic derivatized poly(p-phenylene)
{(+)PPP]. The experimental conditions and the resultant film characteristics are
summarized in Table 5.2.1 for the sequentially adsorbed films of dPPP/PAH, in Table
5.2.2 for films of dPPP/PEI, in Table 5.2.3 for films of dPPP/pPPV, and in Table 5.2.4 for
the sequentially adsorbed films of dPPP/PYR and dPPP/(+)PPP. For all of these films,
dPPP was adsorbed from a solution with a concentration of approximately 0.001M and no
salt was added to any of the polycation solutions. With the exception of the films of
dPPP/PEI, all of the films exhibited a linear build-up. The JdPPP/PEI films typically
exhibited a two regime build-up involving a very thin layer for the first 5 bilayers
assembled followed by thicker layers for subsequent bilayers. This has been previously
observed for PEI and is believed to be linked to the highly branched nature of the molecule
[90]. The dPPP absorbance per bilayer of these two regimes is denoted in Table 5.2.2 for
all dPPP/PEI films except those assembled with dPPP and PEI solution pH's of 7, which
showed linear growth. The displayed bilayer thickness was calculated by dividing the total
film thickness by the number of bilayers assembled and does not take into account this
non-linearity in growth. The conditions for which the dPPP/PEI films turned cloudy during
build-up are also noted in Table 5.2.2. Overall, it appears that the dPPP films assembled
with PEI behave very differently from the other polycations.

For each dPPP/polycation combination, except (+)PPP, a rough estimate was
made of the volume percent of dPPP contained within each sequentially adsorbed film
using an absorbance /thickness ratio for dPPP of 1875 A/absorbance unit. This value was
derived from a correlation of the dPPP layer absorbance and layer thickness as measured
by UV-visible spectroscopy and ellipsometry for substrates of glass and silicon,
respectively, dipped under the same solution conditions. The average measured dPPP
solution extinction coefficient of 9670 (Abs. unit 1 cm™ moles™ ) was not used because it
gave estimates of greater than 100% dPPP for all of the films. An estimate for the amount
of dPPP in dPPP/(+)PPP films was not made because both PPP derivative absorb in the

same region.
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Table 5.2.1 Properties of Sequentially Adsorbed Films of dPPP/PAH

[PAH] | PAH | dPPP | [NaCl] in | Peak Abs. | Thickness % dPPP
M) pH pH dPPP /bilayer /bilayer (estimated)
M)

0001 [ 25| 7 [ - 0.001% [ coooeees [ ceeeee-

0001 [ 25 | 35 [ --—-o- 0.002 * 6A® 60%
001 | 25 35 | - 0.003 " 7 APte 80%

5A 100%

001 | 30 | 45 | - 0.003 %% | 5 APhechs 100%
00t [ 30| 50 | - 0.003% | 5 APphsi.chi 100%
001 | 25| 35 | 0.1M | 0.007" 16 A<+ 80%

sg - silanized glass substrate, hg - hydrophilic glass substrate, si - silicon substrate, ito -
patterned ITO glass substrate, p - profilometry thickness measurement, e - ellipsometry
thickness measurement

Table 5.2.2 Properties of Sequentially Adsorbed Films of dPPP/PEI
(All PEI concentrations = 0.001 M)

PAH | dPPP | [NaCl}in | Peak Abs. | Peak Abs./bi | Thickness | % dPPP
pH pH | dPPP (M) | /bi. (<5 bi.) (>5 bi.) /bilayer (estimated)
7 2 I 0.003% | ccemmeee | ceeeeee-
7 | 35 | - 0.007%" | 0.030%"™ [ 94 AP 60%
(Cloudy)
35 | 35 | ----e- 0.004 "% | 0,009 "' [ 20 APhe 80%
7 7 0.1M 0.007 *° 0015 [ s | s
35 [ 35 0.1 M 0.007 &8 0.009" | 23-43 A" | 70% -40%
(Cloudy)

sg - silanized glass substrate, hg - hydrophilic glass substrate, si - silicon substrate, ito - patterned ITO

glass substrate, p - profilometry thickness measurement, ¢ - ellipsometry thickness measurement

B
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Table 5.2.3 Properties of Sequentially Adsorbed Films of dPPP/pPPV

(pPPV] | pPPV | dPPP | [NaCl}in | Peak Abs. | Thickness % dPPP
(M) pH pH | dPPP (M) /bilayer /bilayer (Estimated)
00002 | ~5 | 35 | ----em- 0.001" | 3-5AP* | 60% - 40%
0.002P* | 5.8 APPP | 70%-50%
0001 | ~5 [ 35 [ - 0.004 *8* 10 APists 70%
00002 | ~5 | 35 0.1M 0.005 ™ 14 Arhe 70%
0.006 7 15 AP 70%
00002 | ~5 | 35 04M 0.007 "¢ 23 Apts 60%
0.009 P*® 25 A 70%

sg - silanized glass substrate, hg - hydrophilic glass substrate, si - silicon substrate, ito - patterned
ITO glass substrate, p - profilometry thickness measurement, ¢ - ellipsometry thickness measurement

Table 5.2.4 Properties of Sequentially Adsorbed Films of dPPP/PYR and dPPP/(+)PPP

Polyion | [Polyion] | [Polyion] [ dPPP | [NaCl]in | Peak Abs. | Thk | % dPPP
M) pH pH dPPP /bilayer | /bilayer | (estimated)
M)
PYR | 0.001 2.5 35 | ---m-- 0.005" | 16AP*® 60%
PYR | 0.001 2.5 30 | 01M 0.007% |[23A" |  60%
(+)PPP | 0.001 35 35 | ---- 0.003™ [ 6 A | ooeeee-
0.002"°
(+) PPP | 0.001 35 35 0.1 M 0.004"% [ 23A% | -

sg - silanized glass substrate, hg - hydrophilic glass substrate, si - silicon substrate, ito - patterned ITO
glass substrate, p - profilometry thickness measurement, e - ellipsometry thickness measurement
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It can be observed from the above data that, with the exception of the dPPP/PEI
films, under low ionic strength solution conditions, all of the bilayers are relatively thin. It
can also be observed that the bilayer thickness is increased with the addition of salt to the
dPPP solution. Of the films which gave thin bilayers, the films of dPPP/PAH appeared to
be the most dPPP rich, followed by the films of dPPP/pPPV and then the dPPP/PYR. Of
course, the dPPP/(+)PPP films, which contain only PPP-type polymers, are the films
which have the largest amount of conjugated polymer. In fact, this combination of a
polycationic and polyanionic derivatized PPP represents the first time that an all-

conjugated film of the same polymer has been made using sequential adsorption.

5.3 Device Properties of dPPP based LEDs

Devices were constructed through sequential adsorption onto cleaned indium tin
oxide (ITO) patterned substrates followed by thermal evaporation of aluminum . The
resultant device consisted of 16 - 2 mm x 2mm pixels spaced 2 mm apart from each other.
Though occasionally several pixels were illuminated when only one was specifically
addressed (“‘cross-talk”), the emitted light was collected only from the pixels being
addressed. Therefore, the actual quantum efficiencies may be higher than those recorded.
In nearly all cases, little to no light was observed in reverse bias [(-) ITO, (+) Al ] and
uniformly lit pixels were obtained in forward bias [(+) [TO, (-)Al].

The overall results are summarized in Table 5.3.1. It can be that all of the
estimated external quantum efficiencies are below the 1% reported value for PPP-ladder
type polymers [205] and the 4% reported value for the ethylene oxide substituted
derivatized PPP which operates in LEC type device [206]. It can also be observed that the
turn-on voltage of each type of device scales with the device thickness which implies that
the dPPP containing films operate by a tunneling mechanism rather than an
electrochemical mechanism. Therefore, the lower quantum efficiencies obtained here are
likely caused from the unbalanced injection of holes and electrons. Evidence supporting
this assertion can be obtained from the dPPP tilms built on top of a PPV heterostructure
consisting of 10 bilayers of SPS/PPV and 20 bilayers of PMA/PPV. Though more

efficient device performance has been obtained for this PPV heterostructure alone [107],
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for the series of experiments discussed here, the PPV heterostructure gives approximately
300 nW of green light and an efficiency of 0.001%. However, when 10 bilayers of
dPPP/PPV are placed on the anode (ITO) side of the films, both the amount of light and
the device efficiency decrease to 34 nW and 0.0002%, respectively. This can be
understood in terms of taking a PPV heterostructure, which is known to be a good hole
transporting platform, and making it into an even more efficient hole transporting film with
the addition of a few bilayers of dPPP/PPV. Now, the charge injection of the holes and
electrons is even more unbalanced. This causes the current to increase (not shown) and
both the amount of light emitted (still green) and the efficiency to decrease as the only
remaining recombination occurs in the vicinity of quenching surface states near the
aluminum electrode. It appears from the much higher currents observed for devices of
dPPP/PPV over those of dPPP/PAH, dPPP/PEI, and dPPP/PYR that the combination of
dPPP and PPV makes for a particularly good hole transport layer.

When the PPV heterostructure is put next to the ITO anode and films of
dPPP/PAH and dPPP/PYR are near the aluminum cathode, the efficiency of the emission
is observed to increase. This efficiency increase suggests that holes are impeded either by
the interface between the PPV heterostructure and the dPPP containing layers, or by the
slower transport of holes through the PPV heterostructure. The fact that blue light is still
observed for these devices indicates that the recombination zone is still within the dPPP
containing layers and that the emission is primarily limited by the injection of electrons
from the aluminum. It is believed that using a top electrode with a lower work function,
or an electron transporting layer between the electrode and the dPPP film would greatly
increase the efficiencies of all the dPPP devices. Based on their higher light output (95
nW) and the fact that, despite their thinness, they are electrically more robust than the
other devices considered here, the films of dPPP/(+)PPP hold the most promise for such
an increase. A plot of the light output and current as a function of applied voltage for such
a device can be viewed in Figure 5.3.1. It is believed that their better device characteristics

are in some way linked to the presence of only conjugated polymer.
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Table 5.3.1 Summary of ITO/(dPPP Film)/Al Devices Assembled

Film dPPP | Polyion | [NaCl] Film Light Max. External

pH pH indPPP | Thickness | Tum-on | Light Quantum

Voltage (nW) Efficiency

(dPPP/PAH), | 25 | 35 | - 100 A 5V 13 | 5x10%%
(blue light)

(dPPP/PAH),o | 25 | 35 [01M | 175A 6V 10 | 5x10%%
(blue light)

(dPPP/PAH), | 25| 35 |0.1M | 480A 5V 12 | 3x10%°%
on ISIOM20 (blue light)
(dPPP/PED)so | 3.5 | 35 | ------ 500A | 6V 24 | 3x10°%
(blue light)

(dPPP/PEI),, | 35| 35 [(01M | 860A 10V 30 | 2x10°%
(blue light)

(dPPP/PED)y, | 70 [ 70 |01M | 1000A | 12V 15 | 1x10%%
(blue light)

(dPPP/PED);, | 35| 35 [01M | 1250A | 14V 13 | 2x10°%
(blue light)

(dPPP/PPV)yo | ~5 | 3.5 | - 200A | 45V | 30 | 2x10°%
(green light)

(dPPP/PPV), | ~5 | 35 |0.1M | 340A | 56V 4 3x10°%
(green light)

IS10M20 on ~5 | 35 [01M| 460A 4V 34 | 2x10%%
(dPPP/PPV), (green light)
(dPPP/PYR),, | 25| 30 |01M | 270A 4V 1 3x10°%
(blue light)

~ (dPPP/PYR) | 25| 30 |01M | 540A 8V 3 2x10°%
(blue light)

(dPPP/PYR);o | 25| 3.0 [0I1M | 750A 4V 25 | 2x10°%
on IS10M20 (blue light)
(dPPP/(+)PPP);s | 3.5 | 3.5 | ------ 210 A 7V 95 | 2x107°%
ISIOM20 (green) | | | - 480 A | 5-6v | 300 | 1x10°%
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Figure 5.3.1 A plot of current versus voltage and light versus
voltage for a 35 bilayer film of dPPP/(+)PPP.

5.4 Concluding Remarks
It has been shown in this chapter that sequentially adsorbed films containing dPPP

can be incorporated into blue light emitting devices which give characteristics consistent
with a tunneling mechanism. The devices appear to be dominated by the transport of holes
and give quantum efficiencies much lower than those reported in the literature. However,
it is believed that with the use of either a lower work function metal or zn electron
transporting layer, the device efficiency could be greatly enhanced. The dPPP films which
are believed to hold the most promise for such an enhancement are those assembled from
solutions of polycationic and polyanionic derivatized PPP. This combination represents the
first time that a film composed of single conjugated polymer has heen fabricated using the

process of sequential adsorption.
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Chapter 6. - Conclusions, Summary, and Future Work

6.1 Summary and Conclusions

This thesis has sought to understand the process of sequential adsorption of
polyelectrolytes in terms of the effects that processing parameters have on the resultant
film structure, to extend this technique’s capability to include novel materials which have
not previously been assembled, and to use sequentially adsorbed films in potentially
useful applications such as light emitting devices (LEDs). First, an attempt was made to
put the process of sequential adsorption in context with what is already known about the
adsorption of a single layer onto a substrate through an extensive literature review of
polyelectrolyte adsorption. Surface charge dominated and contact-ion pair dominated

sequential adsorption were put forth as two possible limiting behaviors.

Fundamental studies relating the processing parameters of sequential adsorption
to the resultant film structure were undertaken for the polycationic poly(allylamine
hydrochloride) (PAH) sequentially adsorbed with highly charged sulfonated polystyrene
(SPS) and weakly charged poly(methacrylic acid) (PMA). Based on results obtained for
SPS/PAH films assembled with low polydispersity SPS (M,/M, =1.10) of varying
molecular weight under varying SPS solution ionic strength conditions, it was concluded
that under low ionic strength conditions (<0.1IM NaCl) the bilayer thickness was not
dependent of the SPS molecular weight (bi. thk. ~ M?®) . However, under high ionic
strength conditions (21.0 M NaCl), the bilayer thickness was significantly dependent on
the molecular weight (bi. thk. ~ M%2 - %3) and could be more than doubled when the
molecular weight of the SPS was varied between 35K and 400K. This molecular weight
dependence was consistent with the transition of the conformations of the adsorbed
molecules from being relatively flat (molecular weight independent) at low ionic
conditions to being very loopy (molecular weight dependent) at high ionic strength due to

the electrostatic screening of the segment-segment repulsion by the salt ions.
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Analysis of the bilayer thickness increase for a given molecular weight as a
function of the ionic strength of the SPS solution showed that for SPS molecular weights
above 35K and NaCl concentrations of 1.0 M or less, the bilayer thickness scales with the
square root of the ionic strength as predicted from single layer adsorption theory.
Considering that this same behavior has been observed for several other systems, this
relationship may represent a common characteristic of sequentially adsorbed

polyelectrolyte films.

Films of PMA and PAH assembled under low ionic strength conditions (no added
salt) showed no significant increase in bilayer thickness as the molecular weight of the
PMA was varied from 15K to 100K. Changing the solution concentrations of both PAH
and PMA from 0.005 M (moles of monomer / liter) to 0.01M gave the same thickness for
the PMA layer, but a 4A increase in thickness for the PAH layer as measured by
ellipsometry. This seems to indicate that the PAH was sensitive to the concentration of

the polyelectrolyte solution, while the PMA was not.

Measurements of the individual PMA and PAH layer thickness values taken as the
pH of the PMA and PAH was varied independently from 2.5 to 4.5 showed three trends;
(1) an increase in PAH layer thickness with an increase in the pH of the PAH solution, (2)
an increase in PMA layer thickness with a decrease in the pH of the PMA solution, and
(3) an increase in the thickness of the PMA layer with increased thickness of the PAH
layer. The increase in PAH layer thickness with increased PAH solution pH was
attributed to the increased dissociation of the carboxylic acid groups of the adsorbed
PMA molecules at higher pH. The increased PMA layer thickness with a decrease in the
solution pH of the PMA is attributed to a reduction in the repulsion of negatively charged
carboxylate groups due to lower dissociation of the carboxylic acid. The increase in layer
thickness of the PMA with an increase in the thickness of the PAH layer is consistent
with contact-ion pair dominated sequential adsorption in which an increase in the
thickness of the underlying adsorbed layer causes an increase in the amount adsorbed due
to an increase in the number of sites available to form contact-ion pairs. Films of other

highly charged polycations assembled with weak polyacids have given similar results
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with the exception that for films of poly(acrylic acid) (PAA) and PAH, the amount of
PAA adsorbed is independent of the thickness of the underlying PAH layer [207].
Overall, changing the solution pH was shown to be a powerful tool to manipulate the

thickness of the individual layers of sequentially adsorbed films.

Sessile water drop contact angle measurements and methylene blue adsorption
studies on the PMA/PAH films made with varying solution pH conditions indicated that
at a low number of bilayers the penetration of an underlying layer into the outermost
surface layer is primarily determined by the thickness of the outermost layer with thin
layers being more easily penetrated by underlying layers. Despite the film’s continued
linear growth, contact angle measurements made at higher numbers of bilayers (210
bilayers) indicate that the outermost surface layers of all of films become heavily
penetrated by the underlying layers to the extent that surfaces which had either PMA or
PAH as the last layer adsorbed were nearly indistinguishable from one other. Yet, the
oscillation in the surface charge with the adsorption of either PMA or PAH, as measured
by methylene blue adsorption, is maintained. It is believed that this observation is linked
to the increase in roughness with an increasing number of bilayers which has been
substantiated by Small Angle X-ray Reflectivity. Cross-sectional TEM has likewise
observed an increase in roughness with an increasing number of bilayers for a
heterostructure system consisting of alternating blocks of PMA/PAH and ruthenium
containing molecules. Though the contrast of the blocks were the opposite of what was
initially expected (PMA/PAH blocks = dark, ruthenium containing layers = light), the
images did show layering which was consistent with the expected structure. This marks
the first time this technique has been used for sequentially adsorbed films and will be the

subject of further research.

In Chapter 3 of this thesis, the technique of sequential adsorption was extended to
include the assembly of a polyimide precursor with PAH, p-type doped polyaniline
(PAni), and a precursor to poly(p-phenylenevinylene) (pPPV). It was demonstrated by
infrared spectroscopy that, once assembled, the polyimide precursor could be converted to

the polyimide either chemically or thermally. For films built with pPPV, it was
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demonstrated that the polyimide precursor could be selectively converted chemically or
that both precursors could be converted simultaneously using thermal means. This
particular system demonstrated that it was also possible to obtain films composed of two
non-ionic polymers through sequential adsorption and conversion of their precursor

polymers.

Forster energy transfer studies between layers of poly(p-phenylenevinylene)
(PPV) and a derivatized poly(p-phenylene) (dPPP) were undertaken as a means to
estimate the level of penetration into spacer bilayers of PMA/PAH, SPS/PAH, and
PAA/PAH. By monitoring the re-emergence of the photoluminescence of the dPPP as it
was separated from the PPV by increasing numbers of spacer bilayers and fitting the
experimental results to a model which assumed a certain level of layer penetration,
estimations for the level of penetration of the dPPP and PPV segments into the spacer
bilayers were made. The penetration of the PMA/PAH spacer bilayers was estimated to
be 15-53A (1 to 2.5 bilayers) based on the complete re-emergence of the dPPP
photoluminescence with 3 spacer bilayers. The penetration of the thin (~6A) SPS/PAH
spacer bilayers was estimated to be over 53A due to the fact that less than 25% of the
dPPP photoluminescence was regained with 8 spacer bilayers. The penetration of the
thick PAA/PAH spacer bilayers was estimated to be less than 80A based on the complete
re-emergence of the dPPP photoluminescence with a single spacer bilayer. Therefore, it
appears that the level of penetration of one layer into adjacent layers is system dependent

rather than universally limited to a certain number of bilayers.

In Chapter 5, it was shown that sequentially adsorbed films of dPPP with a variety
of different polycations could be incorporated into a light emitting device (LED) to give
blue light. The device characteristics are consistent with a tunneling charge injection
mechanism and appear to be dominated by the transport of holes. It is believed that with
further optimization using an electron transporting layer and a lower work function metal
electrode, device performance can be significantly enhanced. One of the best candidates
for optimization based on light output and electronic robustness are films based on the

sequential adsorption of the polyanionic derivatized poly(p-phenylene) (dPPP) and a
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polycationic derivatized poly(p-phenylene) [(+)PPP]. This represents the first time that a
sequentially adsorbed film consisting of the same derivatized conjugated polymer has

been assembled and subsequently incorporated into an organic light emitting device.

6.2 Future Work

6.2.1 Theory of Sequential Adsorption

While it is the hope of the author that the main issues regarding sequential
adsorption of polyelectrolytes have been discussed in this thesis, there are still many tasks
which need to be accomplished in the field of sequential adsorption. Probably most
significantly of these is the need for a rigorous theoretical foundation for the process of
sequential adsorption similar to that developed for single layer adsorption. Given the
rapid growth of this field, there is now sufficient experimental data to begin to form a
predictive theory of sequential adsorption. At the core of this new theory will be the
repetition of adsorption to a non-planar surface. Within this thesis two limiting behaviors
of sequential adsorption (surface charge dominated and contact-ion dominated) were put
forth as a means to interpret experimental data. One of these behaviors was based on an
extension of the results of the Self-Consistent Field (SCF) theory of Fleer and co-workers
to the case of sequential adsorption. Considering this theory appears to be the best
developed of the single layer adsorption theories, a first attempt at obtaining a theory of
sequential adsorption might involve using the predicted results (in terms of the fraction
and the length of loops, tails, and trains) for the adsorption of a polyelectrolyte to a planar

surface as the surface for the first sequential adsorption step.
6.2.2 Fundamental Studies

Even though several fundamental studies of sequential adsorption were discussed
in this thesis, there are several additional studies which are logical extensions of the work
presented here and would aid in understanding of the process of sequential adsorption.
First, a study involving the characterization of the substrate surface and its effect on film

build-up should be undertaken. It has been shown in this thesis and in the literature [74-
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79] that the use of preparatory bilayers can enhance the build-up of films and give thicker
bilayers. It is believed that this occurs through both an increase in the surface charge and
the surface roughness (loopiness). This can easily be proven using Atomic Force

Microscopy (AFM) and the methylene blue adsorption technique discussed in Chapter 2.

A comprehensive study on the PMA molecular weight dependence of the
PMA/PAH bilayer thickness for films assembled under varying pH conditions would
show that, as was concluded in the SPS/PAH molecular weight study discussed in
Chapter 2, a more loopy conformation leads to a more significant molecular weight
dependence of the bilayer thickness. Furthermore, molecular weight exchange
experiments in which the degree of adsorption reversibility is gauged by the ability of
higher molecular weight chains to displace lower molecular weight chains could be
performed for films of both SPS/PAH and PMA/PAH. Other studies which would be of
fundamental interest includes determining if the trend that the bilayer thickness scales
with the square root of the ionic strength at low ionic strengths (<1.0 M of monovalent
salt) is common for a large number of sequentially adsorbed systems and if it can be
attributed to the thickness increase of one or both materials within the bilayer. It would
also be interesting to know if there is a corresponding relationship between bilayer
thickness and solution ionic strength when the ionic strength of both solutions are

increased by the same amount.

For most of the work on precursor polymers, it was assumed that large scale phase
separation did not occur with the thermal conversion of the precursor polymer to their
non-ionic form. This assumption could be checked by performing transmission and
scanning electron microscopy on film sections (planar and cross-sectional) before and
after conversion. Since both of the precursor polymers examined in this thesis (precursor
polyimides and precursor PPV) have aromatic groups, RuOy can be used to selectively
stain the precursor polymers both before and after conversion. However, this would limit
the examination to sequentially adsorbed films of the precursor polymers with oppositely
charge polymers which did not contain aromatic groups. Additionally, techniques such as

depth profiling with Secondary Ion Mass Spectroscopy (SIMS) and Small Angle Neutron
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Reflectivity (SANR) could be used to confirm results observed by electron microscopy
for properly selected systems. Forster energy transfer studies on molecules tagged with
well studied donor and acceptor groups (i.e. phenanthrene and anthracene) could also
provide structural information for both precursor and non-precursor polymers without
making assumptions regarding the extent of energy migration between donors and
between acceptors. In fact, using time resolved photoluminescence spectroscopy, it
should be possible to calculate the distribution of distances between layers of donor-

tagged and acceptor-tagged molecules

6.2.3 Application of Sequentially Adsorbed Films

While the use of sequentially adsorbed films of dPPP in LEDs was shown in
Chapter 5 of this thesis to give modest light outputs and external quantum efficiencies
without the use of electron transport layer or low work function metal electrode, results
for LEDs based on sequentially adsorbed films of other emitters have given light outputs
of over 1000 cd/m* [208] and efficiencies approaching 2% [209] for two separate
emitters. Further optimization of all of these devices using multilayered heterostructures
should bring increased device performance. Other potentially useful devices which make
use of the multilayered nature of sequentially adsorbed films include organic photovoltaic
devices, organic transistors, and graded index optical waveguides. While preliminary
work has been accomplished on sequentially adsorbed photovoltaic devices, no one has
currently applied this technique to the production of organic transistors or graded index
waveguides. The Hammond research group is currently attempting to produce patterned
optical waveguides based upon the selective adsorption of polyelectrolytes to charged
regions of surfaces patterned by self-assembled monolayers of thiols on gold [92]. By
controlling the multilayered build-up such that a material with a high index of refraction
is incorporated into layers which make up the center of the waveguide, it is believed that
relatively inexpensive graded-index patterned optical waveguides can be made with

extremely low optical loss.
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Recent works [123,210] have implied that sequentially adsorbed films of
polyelectrolytes have swelling properties similar to cross-linked gels. This observation
may open up a whole new area of application for this technique and include biological
applications such as controlled drug delivery. Other applications of sequentially adsorbed
films such as second order nonlinear optics (NLO) rely on the ability to achieve some
level of orientation in the typically planar isotropic films. Such ordering has been
observed at low number of bilayers [94], but has yet to be substantiated for films with

thickness values closed to those required for the construction of optical waveguides.

Several ways to achieve such orientation can be envisioned in addition to the
typical procedure of electrical poling of the resultant film. Some of these include
electrical poling during assembly, orientation through crystallization of the converted
precursor films, and phase separation of a polyelectrolyte block copolymer consisting of
unit with high, pH independent charge density and units with pH dependent charge
density. It has been shown for single layer adsorption of SPS on a platinum substrate that
the conformation of the molecule can be changed with the application of an electric field
[16]). For sequential adsorption, the use of an electric field to control the conformations of
the adsorbed molecules becomes more complicated due to the alternating charge of the
adsorbing molecules and the fact that the substrate electrode becomes coated with
material during film build-up. Yet, it may still be possible to actively control the
conformations of the adsorbing polymers molecules with the use of an electric field. It
has been shown for films of precursor PPV that orientation via crystallization can occur
through the anisotropic weight loss which occurs during the conversion of the precursor
PPV to PPV [211]. It may be possible to realize such orientation in sequentially adsorbed

films of PPV and to subsequently use this orientation to fabricate polarized LEDs.

The assembly of a block copolymer composed of a block of highly charged
sulfonic acid functionalized segments and a block of segments functionalized with
carboxylic acid groups whose dissociation can be controlled with solution pH may also
provide a means to control the conformations of the adsorbing polymer molecules. For

example, under low ionic strength conditions the sulfonic acid functionalized block will
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adsorb to the surface in a relatively flat conformation independent of solution pH.
However, the adsorption conformation of the carboxylic acid functionalized block will be
both constrained by the sulfonic acid functionalized block and dependent on the solution
pH. A whole range of conformations would therefore be possible through the variation of
solution pH and the relative lengths of the different blocks. These conformations could

then be varied further with the addition of salt to the polyelectrolyte solution.

6.2.4 Concluding Remarks

Overall, the field of sequential adsorption of polyelectrolytes has been shown to
offer a means to fabricate thin films with controllable film thickness. Fundamental studies
of the influence of processing parameters such as polyelectrolyte molecular weight,
solution pH, solution concentration, and solution ionic strength on the resultant film
structure have been undertaken. However, a rigorous theory of sequential adsorption still
needs to be developed and to be further supported by the results of additional
fundamental studies. Though sequentially adsorbed films have already been used in many
diverse applications, understanding of the underlying structural considerations should

provide a means to many new future applications.
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PMA Degree of Ionization

APPENDIX A:
Solution Dissociation Properties of PMA and PAA
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Figure 1 (Appendix A) Degree of Ionization of 0.005 M PMA in Solution as a
function of solution pH with various amounts of NaCl as taken from Ref. [19].
Monomer dissociation based on pKa of 4.58.
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Figure 2 (Appendix A) Degree of Ionization of PAA in Solution as a function
of solution pH with various amounts of NaCl as taken from Reference [2].
Monomer dissociation based on pKa of 4.25.
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