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(ABSTRACT)

This dissertation describes kinetic and mechanistic
studies of high performance polyimide formation, synthesis
and characterization of fully cyclized, molecular weight and
end group controlled polyimides, and investigations of high
performance polymer blends based wupon polyimides and
polybenzimidazole.

Imidization kinetics were successfully followed by the
quantitative non-aqueous titration of the amic acid
functional groups as a function of reaction conditions. The
homogeneous solution imidization processes were described by
auto-acid catalyzed second order kinetics. The effects of
heteroatom bridging groups in the diamines and dianhydrides
on reaction rates have been investigated and a possible
reaction mechanism for the solution imidization processes

has been proposed.



Detailed mechanistic investigations of the thermal
solution imidization of polyamic acids were performed. A
small amount of hydrolysis and possibly some unimolecular
decomposition of amide bonds in the polyamic acid during
thermal solution imidization processes were observed via
combination of NMR and intrinsic viscosity measurements.
However, complete "recombination" of the degraded polymer
chains and their further cycloimidization could be achieved
under proper imidization conditions. Potential side
reactions involving intermolecular imide formation reaction
were also investigated using a well characterized polyimide
and also a model imide. For polyimide systems containing
benzophenone tetracarboxylic acid dianhydride (BTDA), direct
evidence for network formation involving imine crosslinking,
was observed by high field lH-NMR spectroscopy. The gel
formation was a strong function of reaction conditions,
occurring under extremely dry reaction conditions and being
favored at moderate reaction temperatures.

Various polyimide homo- and copolymers with controlled
molecular weight and end groups were synthesized by the
classic two step method and their thermal properties and
solution viscosities were evaluated. Further, miscibility
behavior of high performance polymer blends based upon
polyimide (PI) and polybenzimidazole (PBI) was investigated.

Several miscible PI/PBI blend material systems were



identified, some of which showed a lower critical solution
temperature (LCST), which was consistent with earlier
observations. It was found that miscibility was a strong
function of polarity and possible specific interactions with
the polyimide components. Thus, miscibility was possible
over a wide composition range with polyimides containing
polar groups such as ketones, sulfones and ethers. However,
immiscible blends were obtained when these polar polyimide
components were replaced by non-polar groups such as the

hexafluoroisopropylidene linkages.
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CHAPTER 1
INTRODUCTION

Aromatic polyimides are one of the most important
classes of high performance polymers. Due to their excellent
electrical, thermal, and high temperature mechanical
properties, aromatic polyimides have found many applications
as high temperature insulators and dielectrics, coatings,
adhesives, and matrices for high performance composites. One
of the most highly developed synthetic routes for these
important materials is the classical two step method, the
first step being the synthesis of polyamic acids from the
reaction of diamines and dianhydrides and the latter step
being subsequent thermal imidization of the polyamic acids.
The conversion of a polyamic acid to the polyimide is most
commonly accomplished by thermal treatment of the polyamic
acid in the solid state. The polyamic acid has usually been
considered to be completely imidized; however, there have
been some questions on this point and it is probably
dependent on the heating cycle (77,78). Thus, a final cure
temperature above the glass transition temperature of the
fully imidized material is needed to allow the adequate
chain mobility required for a high degree of imidization.
Alternatively, a polyamic acid could also be cyclized in
solution at relatively mild reaction temperatures, for

instance 160~180°C. Most of the aromatic polyimides
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produced by the thermal solid phase imidization process
often show insolubility, infusibility, and thus poor
processability (1-3). These undesirable properties that
limit wider applications of polyimides are due to their
chain rigidity as well as poorly defined molecular
architectures such as uncontrolled molecular weight and end
groups and possibly some crosslinks formed during high
temperature solid phase "curing" processes.

Solution imidization techniques together with molecular
weight and end group control have been employed to overcome
these problems (125-127). As a result, polyimides with
improved solubility and processability have been
successfully synthesized without sacrificing their many
desirable properties. However, the reaction kinetics and
mechanisms of thermal imidization processes, particularly a
solid phase imidization process, are reported to be very
complicated (79,149-155). Even though a first order kinetic
equation has been almost exclusively used to treat
imidization kinetic data, the rate law of imidization
process is not well-established and kinetics of solid phase
heterogeneous imidizations are observed to be affected by
many factors such as amount of solvent, film thickness and
heating rate. Moreover, possibilities of curing reactions
other than cycloimidization were reported (111-124,133-141).

These include degradation of the polyamic acid,
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intermolecular imide link formation, and network formation
via possible free radical intermediates at high temperatures
such as 350°C. Promising results on the synthesis of
polyimides which had improved solubility and processability
and the very complicated imidization processes described in
the literature emphasized the need for more detailed kinetic
and mechanistic studies of the formation of these very
important materials.

The main focus of this research was, therefore, to
increase fundamental understanding of kinetic and
mechanistic aspects of the imide formation reaction which is
essential to the synthesis of high performance polyimides
with well-defined polymer parameters such as topology,
molecular weights and molecular weight distributions. Even
though, from the synthetic viewpoint, the first step of
polyimide synthesis, eg. synthesis of polyamic acid is as
important as the subsequent cycloimidization step, it is
reasonably well understood and the 1latter step of the
polyimide formation was extensively investigated in this
research. To shed important 1light on the kinetics and
mechanism of thermal imidization processes, spectroscopic
methods such as two dimensional lH-1H NMR spectroscopy, FTIR
spectroscopy, and mass spectroscopy, quantitative non-
aqueous potentiometric titration and solution viscosity

measurements were employed.
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Additional efforts were also directed towards the
synthesis and characterization of polyimides with controlled
molecular weight and end groups employing the solution
imidization technique. Thus, various homo- and copolyimides
were synthesized from the reaction of aromatic diamines and
aromatic dianhydrides employing the solution imidization
technique. Phthalic anhydride was used to control molecular
weight as well as to generate non-reactive end groups. These
concepts of molecular weight control and non-reactive end
groups were expected to be critical to increase in
solubility and processability. Thermal properties and
solution viscosities were examined. Miscibility behavior of
various polyimides melt blended with high performance
material, polybenzimidazole (PBI), were also explored using
thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), and Fourier transform infrared
spectroscopy (FTIR).

In the forthcoming chapter, CHAPTER 2 LITERATURE
REVIEW, detailed kinetic and mechanistic aspects of polyamic
acid and the polyimide formation are discussed. CHAPTER 2
also provides an extensive discussion of thermodynamic
aspects of equilibrium phase behavior, with particular
emphasis on polybenzimidazole-polyimide blends. CHAPTER 3
discusses the experimental methods, both synthetic and

analytical, used in this research. A discussion of the
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experimental results is presented in CHAPTER 4, followed by
conclusions, suggested future studies, appendix, and

references.
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CHAPTER 2

LITERATURE REWIEW

2.1. Synthesis of polyimides

Condensation or step-growth polyimides were discovered
by Bogert and Renshaw in 1908 (4) and made practical by
Edwards and Robinson (5). They are usually derived from
dianhydride or dianhydride derivatives and diamines.
Polyimides are characterized by presence of the phthalimide

structure in the polymer backbone.

0

Due to their excellent electrical, thermal, thermo-
oxidative, and high temperature mechanical properties
polyimides have been used extensively as high temperature
insulators and dielectrics, coatings, adhesives, and
matrices for high performance composites (1-3,6-11).

"Condensation" polyimides may be prepared from a number of

reactant pairs (12). Among those are dianhydride/diamine
(13,14), diester-diacid/diamine (5,15), diester-diacid
dichloride/diamine (5), bis(diethylamide)-diacid/diamine

(16), and dianhydride/diisocyanate (17,18). Edwards and
Robinson prepared polyimides by a salt method (5) or a

refined salt method (19) from diamine/tetra acid or

LITERATURE REVIEW 6




































































































































































































































































































































