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Chemistry
(ABSTRACT)

Polyimides are well known for their high thermal
stability, chemical inertness, and their high electrical
resistance. These properties make them ideal for use in the
aerospace and electronics industries. Often polyimides are
modified by coating or doping the films with metal species to
change the surface or bulk properties of the polyimide.
Usually this is done to create an electrically conductive
surface layer. Previously, surface layers of metal and/or
metal oxide on polyimide films have been made by homo-
geneously doping a poly(amide acid) solution with a metal
complex and then thermally curing to 300°C. However, much of
the dopant remains in the bulk of the films. Depending on the
nature of the metal salt or complex, it has been postulated
that lower polymer decomposition temperatures result if
residual dopant remains in the bulk of the polymer.
Deposition by infusion of the metal salt or complex was
proposed as an alternative method for developing surface
layers on polyimide films. The infusion processes attempted

and the resulting films will be described and discussed.
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I. INTRODUCTION

The range of polymer properties which have been attained
over the years has been continually extended. Polymers today
are used for everything from catalysts to adhesives.[1]
The utilization of a polymer in a specific application is
predominantly based upon that polymer’s physical and chemical
properties. Variation of a polymer’s properties may be
achieved by a) incorporation of a variety of monomers, b)
copolymerization, and/or c) branching and crosslinking.[2]
With the onset of the nuclear age, space age, and the computer
age, a phenomenal demand for materials which exhibit unique
mechanical and electrical properties followed. As a result,
many composites were developed to accommodate these needs.

Since the 1940s, the aircraft and aerospace industries
have employed structural adhesives for bonding applications.
The military in the 1970s began pushing for cost-effective,
improved fuel economy, and higher performance vehicles.
Polymers, as a light weighﬁ alternative to metal fasteners,
had to have good chemical resistance and high thermal
stability. Today, copolymer resin systems such as epoxy-
nitriles, epoxy-nylons, epoxy-novalacs, and polyimides are
used in numerous applications including skin panels, engines,
and radomes.[3]

Light-weight and low-cost metal filled polymers are the
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materials of choice in the medical, aerospace, and nuclear
industries where protection from radiation is crucial.[4]
Lead filled elastomers are used for personal protection from
X-rays in medical procedures.[5] By combining selected
metals with a polymer resin, shielding from gamma, beta, and
neutron radiation, and low energy neutrons is possible to
protect important components in aerospace and nuclear
facilities.[6]

Because of the high electrical resistivity exhibited by
a great number of polymers, the electronics industries utilize
polymers primarily as encapsulatants to protect electrical
devices, such as electrical connectors, switches, coils, and
chip boards, from moisture, dust, and chemicals.[7] For
use as an electrical insulator, polymers are selected based on
dielectric constants, dielectric strengths, and dissipation
factors. Where radio frequency and electromagnetic
interference shielding is important, the polymer encapsulant
or sealant is often made conductive.

A variety of conductive polymers such as polyacetylene,
poly-N-vinylcarbazole, polyphenylene, and polypyrrole have
been developed in the laboratory.([8] However, commercial
applications often utilize a nonconductive polymer which is
modified internally or externally to be electrically
conductive. Internal modification is often accomplished by
the addition of conductive fillers. External modification

1. INTRODUCTION 2



employs processes such as electroless deposition, vacuum
evaporation deposition, and vacuum sputter deposition.[9]
Electrically conductive layers have also been fabricated by
electrochemical growth of metal deposits in or on a polymer
film.[10]

In electroless deposition, the surface of a polymer film
is coated with a metal layer by reducing a metal salt. No
electrical current is required for the reduction. This method
is often utilized to produce circuit boards and in
packaging.[11]

Metals can be deposited onto substrates by a process
called vacuum evaporation. Under vacuum conditions, a metal
is heated to produce a metal vapor which condenses on a cold
substrate surface.[12] This process is limited by the fact
that the coating process is directional. The source of the
metal vapors must be in line-of-sight of the target to ensure
uniform coverage of the target’s surface.

Vacuum sputtering is also a line-of-sight process. This
process generates energetic particles in a plasma which
bombard the source to dislodge atoms which subsequently coat
the surface of the target.[13]

These external modification processes, electroless
deposition, vacuum evaporation deposition, and vacuum sputter
deposition, can be utilized to create surface conductive
materials. However, the adhesion between the surface
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conductive layer and the polymeric substrate is often poor.
The study of the polymer-metal interface is an on-going effort
to characterize interfacial structure and adhesion mechanisms.

Solid fillers are often incorporated into polymer systems
to modify optical, thermal, physical, chemical, and
rheological properties of the polymer as well as to reduce
costs.[14] Internal modification of polymers is also used to
create surface and volume conductive materials. To create
volume conductive material, flakes, powders, and fibers of
graphite, metal, or conductive compounds are added to polymer
resins.[15] Large mass loadings of the powdered filler is
required to achieve electrical conductivity. Conductive
layers of metal and/or metal oxide in polyimide films have
been produced by electrochemical growth[5] and by homogeneous
doping of the polyimide precursor.[16] Electrochemical
growth of a metal layer is achieved by reduction of a metal
salt within a the polyimide film by a reducing agent. The
driving force of diffusion through the film is provided by an
electrical current across the polymer film barrier. Exact
position of the metal layer within the polymer film can be
controlled via selecting the proper experimental conditions.
This method requires a power supply to produce the resulting
films.

Our research group has focused on an "in situ" process,
known as homogeneous doping, to create metal enriched layers

1. INTRODUCTION 4



within a polyimide film which provide a conductive pathway.
Homogeneous doping normally produces a surface layer of metal
or metal oxide. Homogeneously doped films are produced by
dissolving a metal salt or complex in a solution of the
polyimide precursor (e.i. poly(amide acid)) where upon thermal
imidization, the dopant is reduced to the metal or converted
to the oxide and deposits as layers on the surface or near-
surface region of the polymeric film. Although this method
provides an easy and inexpensive (in terms of equipment costs)
alternative route in comparison to the prior mentioned
approaches, homogeneously doped films have several
deficiencies. The development of the metal/metal oxide
enriched layers is not well understood. The majority of the
dopant resides unconverted in the bulk of the film which
transcends to a higher cost of materials. The residual dopant
in the bulk has been hypothesized to reduce the thermal
stability of the polyimide.

The objective of this research was to develop a method to
create stratified polyimide films in which the surface region
is highly enriched with the metal dopant and the bulk of the
film remains free of dopant material. The approach applied in
this study was to infuse a dissolved metal dopant from the
outside of the film to the near surface region. Using this
methodology, the strategy became to defuse enough metal salt
from solution into the polymer film, so that upon curing, a
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significant metal/metal oxide layer (greater than 150 4) would
form on the surface of the polymer. Stratified films were
produced via infusing metal complexes from a bath solution
into polyimide precursor films followed by thermal
imidization. Copper(II) oxide enriched surface layers greater
than 100 nm were produced without particles of the dopant
residing in the bulk of the film. The bulk properties of the

polyimide were also retained despite the surface modification.
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II. HISTORICAL

The search for thermally stable polymers since the 1960s
has resulted in the development of many new materials
containing aromatic, or heterocyclic rings, in the chain. Of
these, polyimides have been one of the most successful
polymers developed.([17] One of +the advantages of
polyimides over other heterocyclic polymer systems is the
retention of mechanical properties at elevated temperatures
for extended periods of time.[18]

High-temperature polymers such as polyimides have of late
been incorporated into very innovative technologies. A unique
combination of properties is exhibited by polyimides. These
properties include high electrical resistance, high thermal
stability, chemical resistance, ease of planarization, and a
low dielectric constant. Because of these features,
polyimides have been utilized in a wide variety of electronic
applications such as protective coatings and insulating
layers.[19]

Considerable research efforts have been made to modify
the electrical properties of polyimides. One of the methods,
known as heterogeneous doping, involves the addition of
conductive particles, fibers, or flakes to the polyimide
precursor. Heterogeneous doping is capable of increasing the
inherent electrical conductivity of the polymer systenm.
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However, reinforcement of the polymer with fibers is often
necessary (i.e. carbon black is used to reduce the inherent
resistance of a polyimide, but results in a brittle
film).[20]

Metals are commonly heterogeneously doped into a
polyimide to improve electrical conductivity. There are
several factors to consider when doping with a metal. The
interaction of the metal with the polyimide is important.
Metals such as copper catalyze the degradation of
polymers.[21] A second consideration is the nature of the
metal. Metals such as aluminum easily oxidize at surfaces
rendering the composite of polymer/metal
nonconductive.[22]

A second approach to modify a polyimide for the purpose
of enhancing the electrical conductivity is homogeneous
doping. In general, a metal salt or complex is dissolved into
a solution of poly(amide acid) (PAA). Upon curing a film of
the doped polyimide precursor, molecular composites are formed
which in some cases enhanced the electrical conductivity of
the film with generally low mass loadings of the metal
species.

The composite resulting from (4,4’-diaminodiphenyl)
methane pyromellitic dianhydride (PMDA) poly(amide acid) doped
with bis(acetylacetanato)copper(II) was first described by
Angelo. The volume resistivity was reduced by six orders of
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magnitude with respect to non-doped films.[23] Ezzell et
al. and Porta et al. also modified polyimides via homogeneous
doping with copper (1) and copper(II) compounds. The resulting
composite films exhibited lower thermal stabilities and lower
electrical resistivities than the non-doped polymer. Chemical
conversion and agglomeration of the dopant occurred during the
curing process.[24] Oother metal salts/complexes such as
palladium [25], silver [26], cobalt [27], aluminum, nickel,
lithium, chromium, iron, calcium, magnesium, tin [28], and
gold [29] salts/complexes have been studied as homogeneous
dopants in polyimide precursors.

To avoid modification of the entire polyimide film
researchers have employed alternative methods of modification.
Haushalter and Kraus ([30] found that PMDA and 4,4’'-
oxydianiline (ODA) films accept electrons from solutions of
specific inorganic reducing agents. Stable anion radicals and
dianions form on the imide functionality. These are then used
to reduce metal ions from solution to produce metal films on
the surface of the polyimide. The metal films on the surface
of the polyimide were found to be islands. The electrical
resistivity of metallized films in which the islands
overlapped was found to be several orders of magnitude lower
than that of the non-modified polymer.

Mazur et al. have reported a method employing
electrochemical deposition of gold, copper, and silver in
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order to grow a metal layer within a polymer film. An
electrode was coated with a polyimide film. Metal cations
from solution were diffused through one surface of the film
and electrons were supplied from the electrode.[31]
Electroless deposition was also developed by Mazur et al. to
grow metal layers within a polyimide film. Interlayers of
silver were created by diffusing silver ions from one surface
of a polyimide film while simultaneously diffusing a reducing
agent into the polyimide from the other surface. In this
scenario, an electroactive polymeric film was not
required.[32] By means of either electrochemical or
electroless deposition, it was possible to control both the
thickness and the position of the metal layer within the
polymer film.[33][34]

Recently efforts have been made by Buchwalter et al. to
incorporate metal ions into a chemically-modified polyimide
surface. The polyimide precursor film was first thermally
cured. The surface of this polyimide film was exposed to a
solution of sodium hydroxide followed by acidification with
acetic acid to create a poly(amide acid) surface layer on the
polyimide film. The modified film was subsequently exposed to
a palladium nitrate solution. The palladium was reported to
complex with the poly(amide acid) via an ion exchange
reaction.[35] Although this method was not utilized to
create an electrically conductive metal layer, this method
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does provide a technique to modify the surface of a polyimide
without residual chemicals in the bulk of the polymer as found
in methods described previously.

Many techniques have been described within this chapter
to modify the electrical characteristics of a polyimide. The
complexity of the modification process varies from a simple
thermal processing cycle to experimental procedures requiring
equipment and/or various other reactants. A simplified
version of the Buchwalter et al. procedure (without the
chemical conversion of the surface back to the poly(amide
acid)) 1is attractive. Modification of the surface by a
penetrant followed by thermal curing would allow only
modification of the surface. This process would then allow
the polyimide to retain its characteristic bulk properties.
It is this approach which was used to modify the polyimide
films discussed in this thesis.

To diffuse a metal complex into a polymer film for the
purpose of creating a surface-modified polymer, one must first
understand diffusion within the polymer system. The use of
diffusion principles to bring about permanent modification in
polyimides is virtually non-existent. The literature does
contain articles on diffusion of small molecules through
polymer systems. Basic principles of these works can be
utilized to comprehend phenomena which are observed for
diffusion of metal ions through a polymer film.

II. HISTORICAL 11



The fundamental physical property that describes a
diffusion process is the mutual diffusion coefficient, D.
Diffusion coefficients are strong functions of temperature and
concentration in systems in which a small molecule is
diffusing through a macromolecular matrix.[36] At the
present time, no general theory can be used to analyze the
various types of diffusion phenomena that have been observed
for polymer-solvent systemns.

Fickian behavior which is described as sorption of a
given penetrant by a homogenous medium is proportional to the
square root of the time of diffusion. The ratio of the amount
of penetrant M. absorbed at time t to the amount absorbed at

equilibrium M. is given by

M _4 _t 1
Mo m (sz) (1)

where t is the time and x is the thickness of the
film.[37] Thus a plot of the ratio M./M. would be linear with
respect to the square root of time to the point of
equilibrium.

Diffusion of small organic molecules into glassy polymers
is most often non-fickian.[38] When the weight gain of a
penetrant is directly proportional to time, the behavior is
referred to as Type II diffusion. Chartoff and Chiu observed

that the mass-transfer of dimethylformamide (DMF) into various
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polyimides was linear with respect to large times. According
to Kwei et al. for a penetrant diffusing in one direction into
a glassy polymer the relationship between concentration (c),

time (t), and distance (x) is

dc_ 8 dc
W--E?[D(c,x, t) 55 Blc.x. t) scl (2)

where D is the diffusion coefficient, B is the mobility of the
penetrant, and S is a dimensionless proportionality factor
which takes into account the partial stress the penetrant
exerts on the polymer and the total uptake of the penetrant in
the polymer.[38.g.]1{39]

If we impose the boundary conditions ¢ = ¢, for x = O,
t 2 0 and assume D, B, and S are constant, we can derive the

equation
{8
M;-{[D—b—;—uc]x_odt (3)

where v = BS is the diffusion velocity and M, is the amount of
penetrant per unit surface area crossing the plane x = 0 from
t =0 to t.

The integration of equation 3 and solving for large time
(t-»o) gives an equation of a straight line (Equation 4) with
slope S = C,v and intercept I = C.D/v. The velocity of
diffusion and the diffusion coefficients may be calculated

from the experimental weight gain data.[40]
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Mt-co[gwt] (4)

Equation 4 has several limitations. The concentration of
the penetrant must be constant throughout the infusion
process. This equation does not take into consideration dual
penetrants. However this equation does provide a starting
basis from which the permanent surface modification of a

polyimide via diffusion of a penetrant can be studied.
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ITIY. EXPERIMENTAL

A. Materials

1. Monomers

a’

High purity granulated 3,3’,4,4’'-benzophenone
tetra-carboxylic dianhydride (BTDA) was supplied by
Allco Chemical Corporation (Dallas, TX). It was
dried at 110°C under vacuum for 24 hours. The
dried BTDA was stored in a desiccator.

zone-refined 4,4’-oxydianiline (ODA) was obtained
from Aldrich Chemical Company (Madison, WI). The
crystalline material was ground to a fine powder,
vacuum dried at 80°C for 24 hours, and stored in a

desiccator.

2. Solvents

a.

111, EXPERIMENTAL

High performance liquid chromatography (HPLC) grade
N,N’-dimethylacetamide (DMAc) was used as a solvent
in the synthesis of poly(amide acid) (PAA). This
solvent was obtained from Aldrich Chemical Company
and was stored under nitrogen, and over 44
molecular sieves in tightly capped bottles.
Anhydrous HPLC grade l-methyl-2-pyrrolidinone (NMP)
was also used as a solvent in the synthesis of PAA.
The NMP was obtained from Aldrich Chemical Company
in "sure seal" bottles and was stored under a
nitrogen atmosphere.

15



3. Additives

a. Anhydrous copper(II) chloride was obtained from

Aldrich Chemical Company and was used as received.

B. Sample Preparation
1. Polymer Synthesis

Formation of the polyimide is a multi-step process. The
polyimide precursor, poly(amide acid) (PAA) was made in the
reactor system depicted in Figure 1. To achieve high
molecular weight, high purity monomers and solvents were
employed to meet the stoichiometry and difunctionality
requirements of step growth polymerization. In addition,
moisture was minimized to prevent hydrolysis of the
dianhydride. This was accomplished by purging the reactor
system with dry nitrogen, while heating the glassware with a
bunsen burner. Upon cooling, half of the solvent required (to
form a 15% solids solution) was added to the flask which was
continuously being purged with dry nitrogen. The diamine was
added to the reaction vessel. Half of the remaining solvent
to be added was used to wash all of the diamine into the
bottom of the round bottom flask. The contents in the reactor
were stirred until the diamine was completely dissolved. The
dianhydride, BTDA, was then added quickly along with the
remaining solvent. The PAA solution was stirred for 3 hours
under nitrogen. The solution was then stored in a paraffin-
sealed brown bottle overnight to allow the solution to degas.
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