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Kurzfassung

Polyimide sind eine weitverbreitete Klasse von Hochleistungspolymeren, welche auf-
grund ihrer hervorragenden chemischen, mechanischen, vor allem aber ihrer thermis-
chen Stabilitét, in einer Vielzahl an anspruchsvollen Industrieanwendungen eingesetzt
werden. Vor allem Letzteres, sowie ihre Fahigkeit, als leicht aufzutragendes Dielek-
trikum zu fungieren, machen Polyimide fiir mikroelektronische Anwendungen unver-
zichtbar. Sie weisen jedoch drei grof3e Nachteile auf: (i) Polyimide werden auf duf3erst
schidlichen Wegen synthetisiert und verarbeitet. (ii) Sie konnen mikroelektronische
Bauteile nicht vollstindig vor Korrosionsschaden schiitzen, was hochstwahrscheinlich
eng mit ihrer intrinsisch gegebenen Tendenz zur Wasseradsorption zusammenhéngt.
(iii) Ihre thermische Belastbarkeit hangt in hohem Mafie von verschiedenen strukturellen
Merkmalen ab, die haufig variiert werden, um ihre Verarbeitbarkeit zu verbessern. Die
vorliegende Arbeit soll einen Beitrag zur Uberwindung dieser drei Problemstellungen
leisten und ist daher in drei Teile gegliedert. Im ersten Teil wurden klassische und alter-
native, grilne Synthesewege fiir Polyimide genutzt und verglichen, wobei fiir die alter-
nativen Methoden Monomersalze als Polyimidvorlaufer hergestellt und hauptséachlich
durch hydrothermale Synthese zu Polyimiden polymerisiert wurden. Letztere Meth-
oden sind nicht nur deutlich weniger schadlich als klassische Synthesewege, sondern
fithren auch zu einer deutlich héheren Kristallinitidt der Endprodukte. Im zweiten Teil
wurden die Struktur-Eigenschafts-Beziehungen im Hinblick auf das Feuchtigkeitssorp-
tionsverhalten von Polyimiden beleuchtet. Hierfiir wurden verschiedene, strukturell
unterschiedliche Polyimide synthetisiert und durch Spin-Coating und Drop-Casting in
diinnen Filmen auf unterschiedlichen Tragermaterialien aufgetragen, wobei ein klassis-
cher Syntheseweg iiber 16sliche und somit verarbeitbare Vorlauferpolymere angewandt
wurde. Zu den strukturellen Variationen gehéren Polymere mit oft identischer Zusam-
mensetzung, aber unterschiedlichen Substitutionsmustern innerhalb der Monomerbau-
steine, sowie unterschiedliche endstdndige und tiberbriickende funktionelle Gruppen.
Diese Polymere wurden im Hinblick auf die Aufnahme- und Diffusionsfahigkeit von
Wasserdampf in den Polyimidfilmen mit Hilfe der dynamischen Dampfsorption inten-
siv untersucht. Im dritten Teil wurde der Einfluss ebensolcher Strukturvariationen auf
die thermische Stabilitat dieser Polymere untersucht. Zu diesem Zweck wurden sowohl
klassisch als auch hydrothermal synthetisierte Polyimide hinsichtlich ihrer thermischen
Zersetzungssignaturen mittels thermogravimetrischer Analyse verglichen, wobei ver-

schiedene Methoden zum Erhalt dieser Daten herangezogen und diskutiert wurden.



Yayiolqig usipn NL 1e wud ul a|ge|reAe si SISayl [e10100p SIYl JO uoisIaA [eulbuo parosdde ay
“reqBniIan Yaylolgig Usip\ N1 Jap ue 1sI uoneuassiq 1asalp uoisiaAfeulblio aponipab ausiqoidde aiq

qny a8pajMmous| JNoA

Srayrolqie

II



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

Abstract

Polyimides (PIs) are a well-established class of high-performance polymers. PIs are being
widely used in a broad range of industrial applications, based on their outstanding chem-
ical, radiative and mechanical stability, but most importantly their thermal resilience.
Especially the latter, as well as their capacity to act as an easily applicable dielectric
make PIs indispensable in microelectronic components. However, PIs present three ma-
jor disadvantages: (i) PIs are synthesized and processed by harsh and harmful routes.
(ii) They cannot fully protect microelectronic components from corrosion phenomena,
which is hypothesized to be closely connected to PIs’ inherent affinity to adsorb water.
(iii) Their thermal resilience is highly dependent on various structural features which
oftentimes are modified to enhance their processability.

This thesis aims at contributing to overcome these three major issues, and is thus sub-
divided into three parts. In a first part, classical routes and alternative green synthetic
pathways toward PIs were utilized and compared. Specifically for the latter, alternative
monomer-salt precursors were prepared and converted to PIs primarily by hydrothermal
synthesis. Aside being significantly less harmful than classical syntheses, these methods
mostly lead to highly increased crystallinity.

In a second part, this thesis aims at shedding light on the structure-property relation-
ships in PIs with respect to moisture sorption behavior. To reach this goal, various struc-
turally different PIs were synthesized and processed into thin films on different supports
by spin-coating and drop-casting, employing a classical synthesis pathway via soluble
and processable precursor polymers. The structural variations in the synthesized PIs
include polymers of oftentimes identical composition yet varying connectivities within
the monomeric units’ building blocks, as well as different terminal and bridging func-
tional groups. The PI samples were studied intensively with respect to the uptake and
diffusivity of water vapor in the PI films utilizing the analytical technique of dynamic
vapor sorption.

In a third part, the influence of such structural variations on these polymers’ thermal
stability were investigated. For that, both classically and hydrothermally synthesized
PIs were studied and compared intensively with respect to their thermal signatures of
decomposition using thermogravimetric analysis, while utilizing and discussing several

methods to obtain this data.
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1. Introduction

1.1 Polyimides

There are several definitions of which organic polymeric material should be considered
a high performance polymer, the most important of which is probably the definition re-
lated to unusual resistance to high temperatures compared to conventional polymers.!
Among all high-performance polymers, polyimides (PIs) have been the ones industrially
most relevant and prevalent for several decades due to their extraordinarily high ther-
mal stability as well as many other characteristics beneficial for numerous demanding
applications, despite their usually limited processability arising from inherent insolu-
bility, infusibility and high glass-transition temperatures.>* Mostly found as part of a
five-membered ring, the imide group inherent and eponymous to PIs is defined by an
sp*-hybridized nitrogen atom bound to two carbonyl moieties.” In a most straightfor-
ward approach, it is formed in a condensation reaction of an amine with two adjacent
carboxylic-acid moieties (or one cyclic dianhydride) accompanied by the release of wa-
ter. Other approaches include the amine reacting with adjacent carboxylic esters or
carboxylic-acid halides under the release of an alcohol or hydrogen halide (e.g. HCI),
respectively. Although somewhat rare, PIs containing six-membered imide rings are
possible as well and can form if two carbonyl substituents participating in an imide
bond are not within a vicinal substitution pattern but isolated by an additional carbon
atom. Industrially most relevant are those PIs that have a predominantly aromatic char-
acter, meaning that the monomeric segments connected by imide groups mostly com-
prise phenyl moieties, since the resulting high degree of aromaticity is highly beneficial
for their overall stability.? Nevertheless, if a PI solely consists of (single, C,,-C,-bridged,
or fused) benzene rings connected by imide groups it represents a rigid-rod polymer
(cf. fig 1.1) bearing limited to nonexistent molecular and macroscopic flexibility which

restricts its industrial applicability.
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Figure 1.1: Molecular structure of a PI repeating unit. Here, the structurally most simple aromatic PI
system PMDA-pPDA is depicted. This PI is derived from the polycondensation of the co-monomers py-
romellitic dianhydride (PMDA) and p-phenylenediamine (pPDA).

Therefore, most commercially relevant PI products are synthesized from monomers bear-
ing moieties bridging the imide-linked benzene rings such as aliphatic isopropyl moi-
eties, ether bridges, ketone carbonyls or amide linkages resulting in PI materials with
improved flexibility.* Incorporating these bridging moieties allows for nomenclature-
related specifications such as poly(ether imide)s (PEIs), poly(amide imide)s or poly(keto-
ne imide)s. However, since their polymer backbone is comprised of regularly appearing
imide moieties which can be considered quite dominant in terms of influence on poly-
mer properties, these subgroups usually are subsumed under the term polyimide within
scientific literature and within this thesis. Besides improved flexibility, the incorpora-
tion of these additional bridging moieties is accompanied by shifts in other fundamen-
tal molecular aspects such as free volume, intra-, and interchain interactions, which is
highly likely to have great impact on several other material properties. While maintain-
ing a focus on microelectronic applications, the impact of varying these connectivities
on both thermal stability as well as moisture sorption behavior were investigated within

this thesis.

1.2 Properties of Polyimides

Today, PIs are widely used as insulating material against cosmic radiation in the aero-
space industry,>” for various applications in filtration and membrane technology,®*°

"3 among many others, due to

and as alignment layers for liquid crystal displays,
their outstanding properties. Moreover, both their electrical properties and their high-
temperature resilience have led to a widespread use of PIs in the electronics industry as
dielectrics in electronic packaging, flexible substrates and wire insulation.'*™'” Among
their electrical properties, their generally low values of relative permittivity (i.e. dielec-
tric constants) are of high importance, since in electronics packaging, materials bearing

low permittivity minimize effects of crosstalk and maximize the propagation speed of



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

signals in electronic devices.' The magnitude of polymer permittivity is dependent on
"the ability of the polarizable units in a polymer to orient fast enough to keep up with the
oscillations of an alternating electric field"'® by reorientation of these groups in space
in response to this field.? Although the cyclic imide moiety itself consists of highly po-
lar functionalities, the dipoles of the carbonyl moieties oppose each other in a mirrored
arrangement. Moreover, the imide rings directionally oppose each other along the poly-
mer backbone. This geometric constellation of polar groups somewhat neutralizes their
polarizability and "simulates the bulk effect of a non-polar polymer making polyimides
good dielectric materials".? It has to be noted that PIs exhibiting high dielectric constants
enjoyed increased scientific interest in recent years, specifically as high-temperature re-
sistant capacitors for energy storage applications.?*"?** Such materials are mostly real-
ized by choosing monomers comprising bulky side groups increasing the motion range
of the polar moieties and therefore facilitating their orientation along an induced elec-
tric field.?»** However, a PI's behavior in electric fields is somewhat co-governed by its
eponymous polar groups (among others) allowing for non-negligible interactions with
water molecules from ambient humidity. This humidity often times turns out to be the
cause for failure of electronic devices incorporating PlIs.*** Another aspect which is of
significance in many applications which include PI coatings are their coefficients of ther-
mal expansion, since such a coating should ideally exhibit values for thermal expansion
comparable to those of the substrate. This topic goes in tandem with the adhesion of
these PIs to such substrates, which can naturally be strong depending on the choice of
substrate and PI system, or be enhanced by adhesion promoters.?® However, aspects on
both thermal expansion and adhesion are not within the focus of this thesis and have
extensively been dealt with in the scientific literature of the past decades.?”~** Further-
more, the bulk mechanical properties of PIs are amongst the highest of commercially
available polymers.** This is mainly due to their interchain interactions, aromatic char-
acter and molecular rigidity generally causing high values for mechanical strength and
elastic moduli over a broad temperature range.*** But not only their mechanical prop-
erties are governed by these attributes. They are responsible for the extraordinarily
high thermal stability as well, which can be considered the most important feature of
PIs. This class of high-performance polymers in most cases comprises mainly strong
covalent bonds, such as intercarbon double bonds, carbon-nitrogen bonds and carbonyl
bonds, which also allow for extensive resonance stabilization, all of which significantly
contribute to their thermal resilience.*” Moreover, the rigid aromatic building blocks

and the cyclic imide moieties are able to avert molecular vibrations which can lead to
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bond rupture.! A high degree of aromaticity also allows for interchain z-7 stacking,
which generally generates high packing densities in PIs and substantially contributes to
their overall stability.**

Studies focusing on thermal stability and moisture uptake, which are two of the most
vital PI properties regarding microelectronic applications, are presented within this the-
sis, elucidating relationships between molecular structure and resulting properties of
numerous PIs. Few publications compare these properties cover the range of different

PI systems as extensive as it was done here.

1.3 Synthetic Pathways to Obtaining Polyimides

1.3.1 Classical Synthesis of Polyimides

BoGerT and RENsHAW first reported syntheses of polyimides by heating the dimethyl
ester of 4-aminophthalic acid and specifically by heating 4-aminophthalic anhydride
to temperatures above 200 °C in solid state yielding a "polymolecular imide".** Defining
the anhydride moiety as a single functional group for reasons of simplicity (although the
anhydride moiety itself might actually be considered a condensation product of two car-
boxylic acid moieties which represent two functional groups themselves), in this case
of a first PI synthesis a bifunctional monomer having both functional groups neces-
sary for a condensation reaction were found on the same monomer (AB polycondensa-
tion). However, synthesizing PIs by AA/BB polycondensation using the two monomer
types diamines and dianhydrides,* each bearing two similar functional groups which
could react with the ones found on the other monomer type, has gained highest indus-
trial prominence. Utilizing this two-monomer approach, most significant pioneer work
for commercializing PIs was done by DuPont in the mid-twentieth century, a company
which was granted the first patent for PI preparation in 1955*!, followed by several other
patents in the field of PI materials and their synthesis. DuPont’s Kapton films repre-
sent the first commercially produced PI products,** and the probably most successful,
prominent and abundantly used ones ever since. Moreover, their two-step method for

4344 went down in history as the classical synthesis of PI.

obtaining PIs
The synthetic approach of adding stoichiometrically correct amounts of both monomer
types dianhydride and diamine to a suitable, high-boiling solvent and heating the mix-
ture to temperatures close to or above 200 °C is often times included when describing a

classical route to PIs in relevant literature.* " However, this single-step method merely
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yields powder-like PI products with limited crystallinity and seems to be of scientific
interest only. It has been used for analyzing lattice parameters of the semicrystalline
products,* or for synthesizing oligomers as prepolymers for further reactions to poly-
mers. %% A far more prevalent method for obtaining PIs is utilizing a synthetic approach
in two steps, which -if successful- can yield highly continuous materials and is therefore
used to generate fibers, foams and especially films and coatings even on an industrial
scale. It represents the most established and widespread method of producing PIs on an
industrial scale and could therefore be considered the true classical method of PI syn-
thesis.>?

This route’s first step is initiated by combining the two different monomer types dian-
hydride and diamine in a suitable, anhydrous solvent in which they could form a soluble
precursor polymer. It utilizes the tendency of dianhydrides and diamines to undergo
nucleophilic substitution reactions due to the amine functionalities being prone to nu-
cleophilic attacks on one of the carbonyl carbons within the anhydride functionalities.>*
Such an attack leads to cleavage of the anhydride group by the formation of an amide
bond between both monomers with an adjacent carboxylic acid functionality arising
from the anhydride moiety as well. Depending on reactivity of each monomer type, this
reaction may already take place below room temperature, and will propagate by occur-
ring on both amine groups of the diamine and both anhydride groups of the dianhy-
dride leading to a polymeric material, which is commonly called poly(amic acid) (PAA).
In contrast to the final product this precursor polymer is soluble and can be processed
by means of e.g. spin coating, film casting or various forms of fiber spinning. Solvents
for synthesizing these PAAs are either high-boiling phenolic or polar-aprotic ones while
those most commonly used are amide solvents such as N,N-dimethylformamide (DMF),
N,N-dimethylacetamide, and (DMAc) N-methyl-2-pyrrolidinone (NMP),>* ¢ since these
"solvent molecules can closely associate with the hydroxyl protons, effectively isolat-
ing them from interacting with other anhydrides and amic acids".? After the PAA has
been brought into shape, it can be converted by either chemical means via dehydration
agents such as acetic dianhydride combined with a triamine (both in amounts equimolar
to both monomers), or -more preferably- by simply heating to elevated temperatures.*>’
The temperature range for the latter may already start below 150 °C, however, exposing
the precursor polymer temperatures above 200 °C could be recommended for full release

of solvent and water (as reaction by-product) from the system.?>*>?
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Figure 1.2: Classical two-step synthesis of PIs illustrated using the example of the PMDA-pPDA system.
(A) Combining the two comonomers pyromellitic dianhydride (PMDA) and p-phenylenediamine (pPDA)
in a suitable solvent such as anhydrous N-methyl-2-pyrrolidone (NMP) at room temperature (RT) yields
(B) a poly(amic acid) (PAA), which is soluble and can be processed into different shapes and forms. Cur-
ing this precursor polymer using high temperatures yields (C) a PMDA-pPDA PI via a polycondensation
reaction accompanied by elimination of two equivalents of water.

As the reaction from monomers to PlIs are polycondensation reactions following a step-
growth mechanism, small stoichiometric imbalances caused by impurities or during
weighing will most probably result in a significant decrease in average polymer chain
length as described in Carother’s law.®*! Therefore, when aiming for high molecular
weight of PIs not only highly balanced equimolarity has to be ensured, also maximum
possible purity of the monomers is necessary, which is mostly achieved by means of
sublimation. Moreover, water within the system -might it be from an non-anhydrous or
hygroscopic solvents or monomers- may cause hydrolysis of the PAA and precipitation
of a monomer salt by practically rendering the solvent a protic one. Within this thesis, if
a PI was synthesized classically, this two-step method was employed while spin-coating
or drop-casting PAAs on a suitable substrate and subsequent thermal curing to obtain

PI films.

1.3.2 The Hydrothermal Route

As the name implies, the term hydrothermal synthesis denotes a synthetic procedure
which takes place in high-temperature water above 100 °C.%** To reach temperatures
above its boiling point, the reaction medium water has to be enclosed in sealed vessels
under build-up autogenous pressure in isochoric conditions. Such vessels could be sealed
glass tubes, steel-bomb autoclaves or microwave-reactor vials specifically designed for
this purpose. The thermal regions in which high-temperature water occurs can be subdi-
vided into three regimes: The hydrothermal regime ranging from approximately 100 °C
to 250 °C, the near-critical regime ranging from approximately 250 °C to 350 °C, and the
supercritical regime starting above the critical temperature of 374 °C.%* The hydrother-
mal regime can be considered the most relevant for organic synthesis, specifically in in

the range from 150 °C to 250 °C, a regime in which liquid and gaseous phases coexist
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in a dynamic system.®®" While heating up, water severely changes its properties un-
der these conditions of high temperatures and high pressures, mainly due to the break-
down of it’s hydrogen bonding behavior by reducing the number of hydrogen bonds
per molecule and the lifetime of hydrogen bonds.®*”® On one hand, the ionic product
of water shifts to much higher levels compared to room temperature of approximately
2.7 orders of magnitude at 200 °C, up to a maximum of approximately 2.8 orders of mag-
nitude at 250 °C.”* This means that the concentration of both hydroxyl and hydronium
ions increases -equally, due to water’s amphoteric character- by more than one order of
magnitude.”"’* As a consequence, the reaction medium itself may act as an increasingly
strong acidic, basic or even acido-basic bicatalyst with increasing temperature.®*” Sec-
ondly, both the density and viscosity of water decrease significantly,”*”¢ which is highly
beneficial for reactions controlled by diffusion such as non-stirred autoclave reactions.
Moreover, the static dielectric constant of water (as a measure of solvent polarity) de-

L 77

creases as well.”” This means that water becomes a less polar solvent upon heating,

resembling the moderate polarity of several organic solvents at room temperature. **"°
As a consequence, heating water to hydrothermal conditions enables solubilization of
otherwise hardly or non-soluble substances or materials.>*7%7

Describing the conditions at which water heated to temperatures above it’s boiling point
acts within the earth’s crust, the term hydrothermal purely originates from the field of
geology.®® There are several definitions of what hydrothermal synthesis exactly is,3 "
while most authors agree on it being synthetic procedures in an aqueous medium at
temperatures above 100 °C and pressures above one atmosphere.®* However, it mimics
geological processes i.e. the formation of minerals upon cooling of superheated aque-
ous solutions of inorganic compounds (in e.g. veins),** and was adopted by humankind
almost two hundred years ago. In the midst of the nineteenth century, pioneering ex-
periments in hydrothermal synthesis of several minerals such as apophyllite, diaspore,
and various carbonates were conducted by BuNSEN, WOHLER, HAIDINGER and SENAR-
MONT, %" while ScHAFHAUTL with his synthetic procedures for obtaining quartz crys-
tals was the first to publish on this subject.®® In the course of the following century,
the number of inorganic compounds accessible via hydrothermal synthesis increased
tremendously, while the production of some grew to an industrial scale.**°

However, it is only in the last few decades that the hydrothermal approach has been
adopted for the synthesis of organic compounds, more specifically for condensation re-
actions of cyclic connecting moieties. In the 1990s, a group of authors including Dao and

Hobpckin published their works (and patents) on the utilization of hydrothermal synthe-
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sis for obtaining imide compounds of low molecular weight from aromatic dianhydrides
and diamines, which were intended for use as monomers for further polymerization re-
actions.®**?? Soon after and using similar starting materials, the same circle of authors
published several works on the hydrothermal synthesis of polymeric imide materials
i.e. Pls,” which was soon followed by acceleration of these procedures by utilizing
microwave irradiation-assisted hydrothermal polymerization.’”® However, unlike their
inorganic counterparts in geological or industrial processes, these hydrothermally syn-
thesized PIs were mostly amorphous in nature. In 2014, UNTERLASS and co-workers
reported on their successful strategies to hydrothermally synthesize PIs of unprecedent-
edly high crystallinity:*° In a first step, a diammonium-dicarboxylate monomer-salt pre-
cursor from pyromellitic acid (or the corresponding dianhydride) and p-phenylenedi-
amine bearing an ideal equimolar stoichiometry was synthesized via an acid-base reac-
tion in water and isolated (c.f. figure 1.3). Although monomer salts (from non-esterified
tetracarboxylic acids) as PI precursors were known to and used by Ima1 and coworkers
for syntheses of PIs in solid state, '~ the identification of monomer-salt formation as
an intermediate reaction stage in the hydrothermal synthesis of PIs starting from the

neat monomeric constituents was accomplished by UNTERLASS et al. ®
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Figure 1.3: Hydrothermal synthesis of PIs illustrated using the example of the PMDA-pPDA system. (A)
Combining the two comonomers pyromellitic acid (PMA) and p-phenylenediamine (pPDA) in a suitable
protic solvent such as water at room temperature (RT) precipitates (B) a monomer salt. Exposing it to
hydrothermal conditions yields a highly crystalline (C) PMDA-pPDA PI via a polycondensation reaction
accompanied by elimination of four equivalents of water.

Given that the monomers form salts at an one-to-one ratio, isolating these precursors be-
forehand naturally ensures an ideal stoichiometric ratio of the two co-monomers, which
is known to be beneficial for obtaining condensation polymers of high molecular weights
(c.f. section 1.3.1). Upon heating the reaction medium containing the dispersed mono-
mer salt to sufficiently high temperatures, the strongly altered physico-chemical prop-
erties of water enable the dissolution and simultaneous polymerization of such organic
compounds. Intriguingly, as this reaction is a polycondensation with water emerging
as a by-product, this reaction does take place despite the fact that water is the reaction
medium (in huge excess), and one might therefore expect a shift in the reaction equilib-

rium toward the starting product side. It is proposed that during this process, a limited
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amount of monomer salt dissolves within the medium and polymerizes in solution, af-
ter or during which the reaction product can crystallize at existing nucleation sites or
out of the solution directly.*!%>!% Then again, more of the dispersed monomer salt can
dissolve, polymerize and crystallize until it is consumed. This process has been shown
to yield PIs of unparalleled crystallinity. However, during the process of heating up
a fraction of the monomer salt can already polymerize in the lower HT regime, while
non-dissolved fractions of the precursor can undergo solid-state polymerization, all of
which can lead to lower crystallinity of the product.'® These effects can be suppressed
by adjusting reaction parameters such as precursor concentration or acceleration of the
heating process by e.g. microwave-assisted hydrothermal synthesis. Moreover, it has to
be noted that the exact mechanistic pathway from monomer salt to PI has not yet been
fully elucidated,®*%*'°7 which means that -unlike in classical PI synthesis- the existence
of intermediate products or transition states is still unknown. Nonetheless, as both in the
case of classical pathway via PAA formation and in the case of hydrothermal synthesis
starting from tetracarboxylic acids the overall reaction proceeds via cleaved anhydride
moieties, the formation of PIs could be considered cyclopolycondensation reactions.*
Be that as it may, the technique of hydrothermal synthesis proved highly useful for the
generation of organocyclic moieties such as imides, pyrrones, and benzimidazoles, and
even for hybrid materials of silica and PIs. %1%~ Furthermore, no harmful solvents are
involved but instead water is the sole reaction medium, which can be fully recovered
after cooling to below boiling point. This is in stark contrast to the classical synthesis of
PIs, which typically uses hazardous solvents that will inevitably evaporate during the PI
curing process, making them difficult to recover. In addition, the classical method must
be performed in a constantly inert atmosphere and requires the solvents to be highly
pure and anhydrous. In view of the foregoing, hydrothermal synthesis of PIs represents
an environmentally benign, highly facile and straightforward method to synthesize PIs

of high crystallinity.
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2. Aims and Objectives

For several decades now, polyimides have been the polymer type of choice as packaging
dielectrics in the vast majority of microelectronic applications. Although commercially
available PI products can be applied onto microelectronic components in finely struc-
tured patterns and generally protect these components from interference and electrical
damage by exhibiting low relative permittivity and high electrical disruptive strength,
respectively, they seem to insufficiently protect them from corrosive damage. This is
suspected to be due to their intrinsically polar nature causing a fairly significant affin-
ity to water, which can be absorbed from humid environments and thereby allows for
a somewhat facilitated ion mobility throughout the material resulting in corrosive phe-
nomena taking place over the course of a component’s service lifetime.

In order to gain insights on how the chemical structure of a PI has an influence on its
moisture affinity, to identify structural features allowing for a reduction of this effect, and
to ultimately reduce corrosive effects taking place within such components, it was aimed
for identifying structure-property relationships particularly regarding the moisture ab-
sorption behavior of classically synthesized PI films utilizing the analytical method of
dynamic vapor sorption.

However, the probably most important aspect of PIs leading to their widespread use in
many fields is their generally high thermal stability. It was therefore natural to con-
sider exactly exact structural features from a thermal-stability perspective as well, using
the straightforward method of thermogravimetric analysis. Moreover, in order to gain
a facile synthetic access to even more PI systems bearing various different structural
features and to compare them in terms of thermal stability, it was aimed for obtaining
various PI systems by means of hydrothermal synthesis as well. Since both synthetic
methods for generating PIs differ fundamentally, their methodological approaches and
the appearance, crystallinity and other properties of the resulting polymeric products

were to be compared in detail.

10
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3. Comparison of Synthetic Methods

3.1 Classically Synthesized Polyimides

3.1.1 Starting Materials

For obtaining PAAs and subsequently PIs of high molecular weight, it is generally nec-
essary to employ monomers of highest purity possible, since each hydrolyzed anhydride
moiety may not participate in the formation of an amic acid and each oxidized amine
moiety may not take part in the formation of an imide ring. For ensuring the neces-
sary purity, each monomer used for manufacturing of PI films was sublimed at least
once while a few monomers needed for additional purification steps before sublimation.
The dianhydrides used were obtained in synthetic grade from TCI and Sigma-Aldrich
and purified by sublimation before use. Sublimations were done in an Gebrueder Ret-
tberg "Makro" sublimation apparatus having a capacity of up to 20 grams of purified
solid. In all cases, pressures of approximately or less than 2.5-10 mbar were applied,
while heating the glass apparatus to temperatures of up to 270 °C, depending on the type
of monomer. Silicone-based heat-transfer oil nominally capable of being heated up to
250°C could be used above its specifications by heating it in household cooking pots
having a highly even bottom surface, which turned out to be necessary to efficiently
sublime sBPDA (among other monomers). PMDA readily sublimed at oil-bath tempera-
tures of approximately 200 °C, while sODPA needed for slightly increased temperatures.
A constantly refreshed argon atmosphere was ensured while handling and storing these
sublimed dianhydrides in order to avoid hydrolytic reactions enabled by ambient hu-
midity.

Diamines used within this work were mostly obtained from TCI, Sigma-Aldrich and flu-
orochem in technical grade while a few were obtained from a storage facility of TU Wien
and a few were synthesized by the author and internship students. Detailed synthetic
routes to the latter can be found in appendix B.2. Among the ones obtained from the stor-
age were 3,6-diaminodibenzofuran (DADF), o-dianisidine (0DIAN), o-tolidine (c)DMBz),
m-tolidine (mDMBz) and benzidine (Bz). While the first four could be purified by a single
sublimation step, benzidine -which was obtained as dihydrochloride- required for basic
precipitation from aqueous solution to obtain the diamine, followed by two subsequent
sublimation steps, as a fraction of its impurities sublimed in a temperature range close

to the desired substance itself. These impurities could be observed as yellowish fraction

11
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precipitating on the outer layer of the sublimed diamine during sublimation, indicating a
slightly elevated temperature necessary for subliming these. A second sublimation step
after manually removing the contaminated outer layers yielded white crystals of benzi-
dine. The relatively large, stiff and highly aromatic diamine 4,4”’-diamino-p-terphenyl
required for the most laborious purification procedure consisting of recrystallization

from THF followed by two subsequent sublimation steps.

3.1.2 Synthesis of Poly(Amic Acid) Precursors

PAA solutions as precursors for continuous PI films were manufactured in evaporator
flasks of 50 ml volume, each one customized with a valve and equipped with an oval rare-
earth magnetic stir bar to facilitate stirring in case of more viscous precursor solutions.
Before charging a flask it was thoroughly cleaned with water and detergent, then rinsed
with deionized water and acetone, dried with a heat gun and closed with a glass stop-
per to avoid contamination by dust. Each glass stopper was equipped with a thin PTFE
ring to enable tight but easily reversible sealing after it had been charged with the com-
ponents necessary to synthesize the planned PAA. When calculating the stoichiometric
charge of each PAA, it was aimed for a 10-20 g of total precursor maintaining a mass
fraction of solids ranging between 5 % and 12 % within the precursor solution. Generally
it was aimed for obtaining rather viscous PAA solutions by choosing rather high con-
centrations, since spin-coating and drop-casting seemed to have a higher rate of success
in terms of continuous material application if the solutions were more viscous. More-
over, lower concentrations are known to decrease the stability of PAAs. %12 However,
it was simultaneously aimed for keeping a solution’s viscosity low enough to allow for
magnetic stirring.

After cleaning and drying a flask it was first charged with the diamine component on a
recently calibrated analytical microbalance while maintaining highest precision in the
weighing process. In case any deviations occurred, the charge of the dianhydride had to
be recalculated in order to keep the stoichiometric ratio exactly as planned. After adding
the diamine, anhydrous NMP was added after which the flask was purged with argon
and the mixture was magnetically stirred until the diamine was completely dissolved.
An amount of dianhydride was weighed, slightly exceeding equimolarity by less than
one milligram, since a slight excess of dianhydride is suspected to lead to an increase
in its thermo-oxidative stability.!*® For this, coated weighing paper was used in order to

minimize losses due to substance remaining on the rough surface of standard weighing

12
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paper. The dianhydride was added to the diamine solution while ensuring with utmost
care that no substance was left on the paper and that it did not touch the flask’s joint,
as its rough surface could retain it on contact. During dianhydride addition a constant
stream of argon was maintained in order to avoid ambient humidity getting into contact
to the solution, as this might facilitate hydrolysis of the forming PAA and therefore lower
its molecular weight.!'*'1¢ It should be noted that this sequence of monomer addition
was chosen since it is known that dissolving the (mostly less soluble) dianhydride in
a solution of diamine leads to PAAs having the highest possible molecular mass.>!"!!8
In case of nearly all precursor solutions, a sudden and intense coloring of the solution
could be observed shortly after addition of the dianhydride. The argon stream was then
stopped and the flask was sealed with a glass stopper equipped with a PTFE ring as men-
tioned before. Within the following hours of stirring, each PAA solution’s viscosity in-
creased severely, depending on the choice of monomers. Monomer combinations includ-
ing fully aromatic, stiff monomers such as PMDA-Bz, PMDA-DATP and PMDA-pPDA in
particular led to PAA solutions exhibiting the highest apparent viscosities, whereas an
increasing fraction of flexible linkages within the employed monomers led to a decrease
in viscosity. Notably, PAA solutions including fluorinated diamines such as mTFBz or
4FmPDA exhibited lower viscosities compared to their non-fluorinated pendants, due to
inhibited intermolecular interactions or decreased chain length of the precursor poly-
mer arising from lower diamine reactivity, respectively. In most cases, the stirring speed
soon had to be reduced to the lowest setting possible in order to keep up the stirring
process without compromising it by letting the rotational speed of the magnetic field
induced by the stirrer get ahead of the maximum possible rotational speed of the stir
bar limited by the solution’s viscosity. If one solution turned out to get too viscous to be
stirred magnetically, it was either diluted with more dry NMP until stirring was possible
or in the case of one PMDA-pPDA precursor, mechanical stirring was applied. The PAA
solutions were stirred for approximately 20 h to 24 h before transferring the flasks to a
freezer in order to store them at approximately -20 °C (including the stir bar) until fur-
ther use. Storage at lower temperatures is recommended, since PAAs are known to be

quite unstable in solution, which might reflect in a solution’s viscosity decreasing over

time. 112
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3.1.3 Specimen Manufacturing

Spin-coating the PAA solutions was done on square-shaped (100) Si wafers with native
oxide layer, having a side length of 30 mm, which were carefully wiped with microfiber
tissues before applying the precursor solutions. The solutions were taken out of the
freezer approximately half an hour prior to spin-coating in order to allow them to warm
up slightly. The flask containing the PAA to be processed was opened while simultane-
ously starting to lead a mild stream of argon through its valve in order to keep ambient
humidity out of the container. PAA was applied with a flat spatula spreading the so-
lution evenly across the surface of the wafer and making sure that the surface area of
this wafer’s polished side was completely and generously covered by this solution. Im-
mediately afterwards the specimen was placed in the center of the spinning stage of a
spin coating device (Specialty Coating Systems G3P-12 Spincoat) and a preset program
was started. It consisted of an initial acceleration step to a certain rotational speed of
60 s duration followed by another 60 s of maintaining this speed, a sudden acceleration
to a significantly higher speed, which was held for 2s and a final deceleration step to
0 rpm within 10s. Depending on the viscosity of each PAA solution to be processed,
the speeds for these steps were chosen rather arbitrarily, while higher speeds were cho-
sen for precursor solutions of higher viscosity. They ranged from 600 rpm to 800 rpm
for the first stages, and 1000 rpm to 1600 rpm for the second stage. The latter was in-
tended to reduce the effect of precursor solution accumulating on the outer borders of
the substrate, which was caused by the solution’s surface tension preventing it from get-
ting spun off the substrate. It has to be noted that this procedure of applying the PAA
and spin-coating the wafers represented the first and only phase of significant duration
in which the precursors were in contact with ambient air. The now coated substrate
specimens were carefully taken off the stage with the help of a razor blade and PTFE
tweezers and put on a sheet of flat glass, which was placed on top of a leveled hot plate.
The heating setting was adjusted to reach a temperature of 70 °C on the surface of the
glass sheet. While any specimen was on top of the heated glass, it was made sure that it
was exposed to a mild stream of nitrogen, realized by a reversed funnel connected to a
supply line of technical grade nitrogen held a few centimeters above the surface. There,
all specimens were held for at least one hour, in order to slowly evaporate most of the
solvent contained in the spin-coated PAA solution, a process which may be called soft
bake or pre-bake.

For manufacturing specimens to be analyzed with regards to their moisture uptake, simi-
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lar but smaller square-shaped silicon wafers with 10 mm side length were used. Here, the
precursor solutions were applied via drop-casting of specific amounts onto the wafers’
polished surfaces instead of spin-coating indiscriminate amounts. A detailed description

of this process can be found in section 4.2.2.

3.1.4 Curing

After this process was done, all samples were brought to a tube furnace while being
placed in a box filled with argon atmosphere in order to minimize potential hygroscopic
effects of the PAAs during the several-minute transfer. Along its full length, the tube
of the furnace was equipped with two steel rods which enabled leveling of the sam-
ples along one axis in order to avoid them being tilted during the following curing pro-
cess. Within the furnace, the specimens were distributed among the surface area of two
sheets of flat glass which were placed at locations surrounded by the furnace’s heating
coils. This setup allowed simultaneous curing of up to eight square-shaped specimens
of 30 mm length or a high number of 10-mm specimens. During the process of sample
loading, a constant stream of technical-grade nitrogen was maintained. While keep-
ing up this nitrogen stream the tube was sealed with a lid having a small outlet for
gaseous exhaust and a customized heating program was started. It consisted of heating
from 90 °C to 400 °C at a rate of 2K min with isothermal plateaus at 150 °C, 210 °C, and
300 °C (30 min duration each) and one final temperature step at 400 °C which was held
for 60 min. This curing program was followed by slowly letting the furnace cool down to
ambient temperature over the course of several hours. The nitrogen supply was turned
off after the last temperature plateau was reached, assuming no significant amounts of
moisture evaporating from the samples or being present in the furnace atmosphere. Af-
ter the program was complete, the furnace including the cured samples was left to cool
down to room temperature slowly overnight in a static nitrogen atmosphere.

For preparing samples for DVS measurements, the soft-bake step was realized in the
tube furnace as well, since heating from below, as it would be the case on a heating
plate, often led to severe inhomogeneities in these rather thick samples. Accordingly,
an additional isothermal step at 90 °C for one hour was implemented before heating to
the otherwise first isothermal step at 120 °C within the previously specified heating pro-
gram. During this additional step (and during heating from room temperature to the
target temperature) the nitrogen purge was kept more intense than during the follow-

ing steps, as an increased amount of evaporating solvent was expected. The resulting
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PI films showed moderate to high adhesion to the substrate surface they were cured on.
With the help of an unused razor blade, which was briefly immersed in deionized water
beforehand, many films could be detached by moving the sharp side of the blade be-
tween film and substrate on one edge of the specimen and cautiously moving it across
the entire area. However, specifically PI systems containing ether linkages within their
molecular backbone exhibited high adhesion to the silicon substrate and represented the
most difficult to detach manually. These samples had to be immersed in deionized water
during detachment, while detaching on two adjacent corners first, then slowly moving
the blade from the side formed by the two detached corners to the other while applying
slightly more force in direction of the specimen surface than for the other samples. The
spin-coated PI films were used for X-ray diffraction measurements presented within this
thesis, as well as laser-ablation and ion-diffusion experiments, which were conducted by

colleagues and were not part of this thesis.

3.2 Hydrothermally Synthesized Polyimides

For synthesizing PIs hydrothermally, reactions were done both in steel autoclaves and
stirred microwave-reaction vessels. In most cases, diamines purified by sublimation were
employed in HT-PI synthesis as well, in order to enable high purity of the PI products.
However, if a diamine was not purified beforehand and the reaction media not kept
somewhat inert, the HT-PI products merely turned out to be more brownish in color,
without any detectable differences in terms of thermal stability, X-ray diffraction or in-
frared absorption. For both the syntheses of monomer salt and hydrothermal reactions to
PIs, the available dianhydrides were hydrolyzed to their corresponding tetracarboxylic
acids by microwave reactions in hydrothermal conditions with deionized water. For that,
amounts of more than one gram of dianhydride were given into a microwave vial con-
taining 18 ml of deionized water and heated to 210 °C for several minutes while stirring
vigorously. The reaction progress was followed by optical means via the built-in camera
of the microwave reactor, while complete dissolution of a dianhydride was assumed to
translate to complete hydrolysis to tetracarboxylic acid. While heating at a rate of ap-
proximately 60 Kmin™, complete dissolution of the dianhydride was observed at approx.
120 °C for BTDA, approx. 130 °C for sODPA, approx. 135 °C for 6FDA, approx. 145 °C for
aODPA, approx. 150 °C for DSDA, and approx. 195 °C for BPAF. Merely the hydrolyzed
counterpart of PMDA, pyromellitic acid (PMA), was used as received from a commercial

source.
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For numerous PI systems, monomer salts have been synthesized as precursors for HT-
PIs. The solvent for this synthesis in most cases was technical grade acetone contain-
ing approximately 10vol.% deionized water. This mixture of acetone and water was
found to be a suitable polar and protic solvent for monomer-salt synthesis, since most
monomers were readily soluble in acetone (except for Bz and DATP, which only ex-
hibited low solubility), but their respective monomer salts in many cases precipitated
more or less readily. For synthesizing and precipitating a monomer salt from solution,
approximately equimolar amounts of both monomers were fully dissolved in two sep-
arate beakers each containing the prepared solvent. Then both solutions were care-
fully combined in one of these beakers, the other one rinsed with minor amounts of the
same solvent (and adding it to the mixture), and the mixture was briefly stirred with
a glass rod, while trying not to provoke "premature” crystallization by scratching the
surface of the beaker. In most cases a monomer salt precipitated after several seconds
to few minutes. After suction-filtering a monomer salt over a glass filter (por. 3), it was
washed with the same solvent used for synthesizing it several times, in order to wash
potentially remaining monomer residues from the precipitate. This included one final
washing step with acetone only in order to facilitate subsequent drying. After letting
the product dry in the filter via suction for at least 30 min, the monomer salt was col-
lected, after which the container was flushed with argon in order to prevent oxidative
decomposition during storage, which was observed before in some rare cases. For some
systems, namely sODPA-mPDA, sODPA-oDMBz, sODPA-0DIAN, and sODPA-mTFBz,
which could not be crystallized from acetone and the monomers were not readily sol-
uble in water, monomer-salt precipitation could be achieved from a methanol solution
containing approximately 5 vol.% deionized water. However, in a few cases no precipita-
tion of monomer salt could be achieved at all, which was the case for sSBPDA-4FmPDA,
sBPDA-1FmPDA, sBPDA-DATP, PMDA-0TFBz, aBDPA-pPDA, and all four ODPA-ODA
systems. These HT-PI systems were obtained by charging equimolar amounts (no ex-
cess of one component as in PAA synthesis) of the diamine and the tetracarboxylic acid
(total monomer mass of approximately 0.3 g) in 10 - 18 ml of argon-bubbled, deionized
water, briefly homogenizing the dispersion by immersing the vial in an ultrasonic bath
and subsequent hydrothermal reaction. It has to be noted that monomer-salt preparation
of low-solubility monomers in deionized water treated in an ultrasonic bath for several
hours seemed promising. This has been done for the systems sBPDA-Bz, PMA-mTFBz,
and 6FDA-pPDA, while ATR-FTIR spectroscopy for monitoring the reaction progress in-

dicated close-to full conversion of the monomers after one hour. Note that although the
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reaction started at room temperature, the water within the ultrasonic bath warmed up
to approximately 40 °C, which most probably had an influence on the solubility of the
monomers in water.

For converting a monomer salt or monomer mixture to a PI hydrothermally in an au-
toclave, in virtually all cases the starting components (total monomer mass of approx-
imately 0.3 g) were given into borosilicate-glass vials having a capacity of 20 ml, after
which 10 - 18 ml of argon-bubbled, deionized water were added and the dispersion ho-
mogenized by briefly immersing it in an ultrasonic bath. In most cases, two drops of
Hiinig’s base (N,N-diisopropylethylamine) were added to approximately 250 ml of the
deionized water before treating it with argon and using it as reaction medium for hy-
drothermal synthesis. The charged vials were each placed inside a steel-bomb autoclave
(equipped with a PTFE inlay), covered with argon and closed tightly. Then each auto-
clave was placed in a forced-convection oven operating at 200 °C and kept in it for at least
60 h in order to ensure largely complete conversion of monomers to PI. Afterwards, the
autoclaves were taken out of the oven and cooled by immersing them halfway in a bath
of cold tap water. After cooling down to room temperature for several hours, the auto-
claves were opened and the reaction products were filtered over a Biichner funnel and
washed with deionized water and acetone several times in order to ensure no unreacted
monomers being present in the precipitates. After the last washing step, the products
were left in the filter for drying by suction for more than one hour.

Microwave reactions were done additionally using an Anton Paar Monowave 400 and
G30 glass vials. Here, HT-PI synthesis was done by heating monomer salts dispersed
in 15-18 ml of argon-bubbled, deionized water while magnetically stirring the argon-
covered suspension. The heating rates in these microwave reactions were much higher
than in autoclave reactions, as reaction-medium temperatures of 200 °C could be reached
in less than two minutes as compared to presumably more than one hour in autoclave
reactions. Moreover, most HT-PI reactions were considered complete after a reaction
time of four hours while stirring vigorously. Regarding washing and drying, the prod-
ucts of microwave reactions were subjected to the same procedure as autoclave PIs. For
syntheses of both monomer salts and PI films, reaction progress was monitored utilizing
attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy, as this
method allows for quick and reliable distinction between the different stages of PI syn-
thesis from neat monomers to final product. Figure 3.1 depicts such ATR-FTIR spectra
of the neat monomers pyromellitic acid (PMA) and benzidine (Bz), and of a PAA film, a
PI film, a monomer salt and a HT-PI of the PMDA-Bz system. Amongst the most obvious
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changes in IR absorption upon reaction from monomer to precursor and final product are
the distinct N-H stretching modes of the diamine above 3000 cm™, which in most cases
completely vanished upon reaction. Instead, the monomer-salt spectrum exhibits broad
aromatic ammonium-related stretching modes below 3000 cm™. In case for Bz these
amine modes were found at 7(N-H) = 3558, 3384, 3207, 3033 cm'! and converted to broad
ammonium modes at V,(Ar-NH;*) ~ 2855 cm™ and 74(Ar-NH;*) ~ 2580 cm™. Moreover,
the prominent carbonyl mode of PMA at #(C=0) » 1694 cm™ split up upon salt reaction to
give deprotonated carbonyl modes at lower wavenumbers. In case of PAA formation two
modes could be found which might be attributed to carbonyl stretching within the amide
moiety and the free carboxylic acid, which in this case were found at #(C=0) ~ 1720 cm™
and ¥((N)C=0) ~ 1655 cm’’, respectively. However, it has to be kept in mind that resid-
ual solvent might corrupt proper absorption-band assignment when analyzing PAAs, as
in most cases high-boiling amide solvents are being employed in their synthesis, which
can not easily be fully removed and might show absorption modes in similar regions as
the PAAs would. Upon conversion to P, the infrared spectra in most cases flattened in
the absorption regions above 2000 cm™, except for aliphatic C-H stretching modes below
3000 cm™ in the cases of PI systems containing aliphatic side groups or bridging moieties.
The most prominent absorption modes to be found for aromatic PIs are the asymmetric
and symmetric imide-carbonyl stretching modes, v,5(C=0) and v,(C=0), respectively,
and aromatic C-N stretching bands 7(Cx,-N). In case for PMDA-Bz films the carbonyl
stretching modes were found at 7,5(C=0) ~ 1777 cm™ and 7,(C=0) » 1712 cm™, and the
C-N stretching band at #(Ca,-N) ~ 1355 cm™. For HT-PIs of PMDA-Bz the C-N stretching
band was shifted to 7(C4,-N) ~ 1393 cm™ and the asymmetric carbonyl-stretching mode
to 7,5(C=0)~ 1784 cm™. Interestingly, the peak for the symmetric carbonyl-stretching
mode was split, including one maximum located at the same value as for the PI films
and another one at 7,(C=0)=~1720cm™. One possible reason for the mode shifts ob-
served when comparing HT-PIs and PI films of the same systems could be found in the
fact that most of these systems turned out to be drastically more crystalline when syn-
thesized hydrothermally, which could influence the mobility of such stretching motions
when being confined in a lattice structure. However, the peak splitting of the symmetric
stretching mode could not be explained. It should be noted that of most aromatic dianhy-
drides (except for PMDA) the carbonyl stretching modes appeared virtually identical to
those of the imide in terms of shape, but could be found at values approximately 60 cm™

higher.
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Figure 3.1: ATR-FTIR spectra of the neat monomers, PAA film, PI film, monomer salt and HT-PI of the
PMDA-Bz system.

3.2.1 Properties of Polyimide Products

Morphological Appearance

The two main methods of PI synthesis this thesis focused on led to two fundamen-
tally different forms of high-performance polymers even though their monomeric con-
stituents were the same, as it can be seen in figure 3.2. Samples of classically synthesized
PI films represented continuous materials consisting of more or less entangled poly-

mer chains (if structurally possible), which were colored in a range of bright yellow to
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dark orange and consistently transparent. Hydrothermally synthesized PIs, however,
were of a powder-like nature in virtually all cases, being crystalline particles of several-
micrometer dimensions, while the color range was broader including dark brown and

nuances of red and violet.

Figure 3.2: Photos and scanning electron micrographs of (A) a PI film of PMDA-APBP and (B) a HT-PI
of PMDA-0DIAN synthesized in a microwave reactor.

As they usually are rather small particles, HT-PIs can take various forms ranging from
platelets to microflowers. A certain degree of morphological control could be exerted
by adjusting the parameters of HT synthesis such as synthesizing in autoclaves or in a
stirred microwave reactor, while microflowers could predominantly be observed using
the latter method. Moreover, it is known that a HT-PI’s morphological outcome could
even be tuned by incorporating water-soluble additives into the reaction medium for HT

synthesis. '’

Apparent Crystallinity

Classically synthesized PIs -foremost PI films, since they represent the most widely used
form of PIs- are mostly found to be amorphous polymeric products. Hydrothermally
synthesized PIs, however, are known to exhibit extraordinarily high degrees of crys-
tallinity. *7:6266:105120-122 Wijthin the framework of this thesis, a large amount of both hy-
drothermally synthesized PIs and PI films were manufactured and their powder X-ray
diffraction (PXRD) patterns collected. This extensive collection of PXRD patterns of PIs
and their precursors can be found in appendix C. Figure 3.3 compares the PXRD pat-
terns of a PMDA-pPDA film and its PAA precursor (left), which both exhibited mostly
one amorphous halo, and of a hydrothermally synthesized PMDA-pPDA PI and its mo-
nomer salt precursor (right), which both were of high crystallinity exhibiting very little

to no amorphous halos.
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Figure 3.3: PXRD patterns of a PMDA-pPDA PI film and its PAA precursor (left) and hydrothermally
synthesized PMDA-pPDA PI and its monomer salt precursor (right).

As this PI system can be considered the most stiff and linear one of all aromatic PIs,
it represents a very telling example for high crystallinity achieved by hydrothermal PI
synthesis. Another one could be found in PMDA-Bz, which represents a fully linear and
highly stiff PI system as well, containing one rotational degree of freedom within the
biphenyl linkage. While the diffractograms of PAA and PI films of this system (cf. figure
3.4) were almost identical to those of PMDA-pPDA, subtle differences could be found
in those of the HT-PI: Apart from the different peak positions, which were simply due
to this system’s differences in crystal structure, comparing PMDA-Bz to PMDA-pPDA
revealed a slightly worse resolution of peaks, which probably arised from its slightly

increased flexibility.
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Figure 3.4: PXRD patterns of a PMDA-Bz film and its PAA precursor (left) and hydrothermally synthe-
sized PMDA-Bz PI and its monomer salt precursor (right).

22



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

For PMDA-DATP (cf figure C.4), which contained one additional flexible biphenyl link-
age, the outcome was quite similar to PMDA-Bz, as their diffractograms’ peak resolution
appeared to be quite similar. HT-PIs based on sBPDA as dianhydride (see figures C.5, C.6,
C.7,C.9 and C.10), however, seemed to yield significantly less crystalline materials, most
probably due to this dianhydride’s slightly kinked structure, while an increasing fraction
of flexible linkages (from sBPDA-pPDA, to sBPDA-Bz, to sSBPDA-DATP) clearly resulted
in even more amorphous products. Moreover, it could be observed that the pendant side
groups on benzidine derivatives decrease crystallinity on PMDA-based PIs (figures C.11
to C.18) compared to PMDA-Bz to different but significant extents, which could be due
to these groups’ inherent bulkiness probably impairing the approximation of the poly-
mer chains necessary for ordering. Similar observations could be made for sODPA-based
PIs containing benzidine derivatives (figures C.36 to C.40). However, sODPA-based PIs
appeared to be slightly less crystalline than PMDA-based ones, which was probably due
to the ether bridge contained in sODPA allowing for rotational flexibility (figures C.34
and C.35), while the introduction of a second ether bridge per repeating unit intensified
this effect (cf. figure C.41). Similarly, while single ether bridges per repeating unit in
PMDA-sODA and PMDA-aODA (cf. figures C.19 and C.20) led to quite crystalline PIs,
the introduction of a second one (cf. figures C.21, C.22, C.25 and C.26) seemed to lead
to less crystalline polymers. Hydrothermally synthesizing the other fully stiff systems
PMDA-DAF (figure C.30) and PMDA-DADF (figure C.31) yielded quite crystalline mate-
rials, while again, flexible linkages such as methylene moieties (cf. figure C.29), isopropyl
moieties (cf. figures C.23, C.24 and C.27), hexafluoroisopropyl moieties C.28 led to sig-
nificantly less crystalline PIs. Extreme kinks in structure seemingly prevented efficient
molecular packing leading to almost fully amorphous HT-PIs in cases in which diamines
BAPF (C.32) or MeBAPF (C.33), or dianhydrides aODPA -except for the aODPA-pPDA
system- (C.41), aBPDA (C.43) or BPAF (C.45) were employed in synthesizing PIs hy-
drothermally. In these cases, it seemed as if softening phenomena could have occurred
to some degree during synthesis, as parts of these products appeared as slightly fused

powder to give brittle, roundish shapes.

3.3 PIs from Ortho-Substituted Benzidine Derivatives

Generally, HT-PIs obtained from autoclave and microwave reactions merely exhibited
differences in their morphology, whereas differences in terms of crystallinity i.e. in

their PXRD patterns were hardly conceivable. However, some -for certain PI systems
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significant- differences were found indeed, as they exhibited an extraordinarily high
amount of intense reflections within their diffractograms when being synthesized via
microwave reactions. This was the case for the systems PMDA-0DIAN, PMDA-oDMBz,
PMDA-0TMBz and PMDA-0DFBz, which all showed a significantly higher amount of re-
flections when synthesized hydrothermally in stirred microwave reactions as compared
to autoclave synthesis (cf. figures 3.5A to 3.5D). Interestingly, each of these PMDA-
based PI systems consisted of benzidine derivatives as diamine fractions, which had sub-
stituents in ortho position to the amine moieties. When encountering this phenomenon
for the first times while synthesizing PMDA-oDIAN, it was assumed that it only occurred
if conditions of synthesis were of highest purity. Despite initial doubts, it also occurred
if non-degassed water was used, if the diamine, from which the monomer salt was syn-
thesized, was partially degraded (recognizable by intense coloring of monomer and salt)
and even when using neat monomers instead of monomer salt, which would generally
result in a stoichiometric imbalance.

In case of PMDA-oDIAN, synthesis of this highly crystalline product was repeated nu-
merous times under varying conditions, of which the heating rate applied while reaching
the desired reaction temperature of 200 °C turned out to be the key factor in obtaining
these products. A series of experiments was conducted heating the same amounts of
a monomer salt for PMDA-oDIAN in the same volume of water to 200 °C at different
heating rates in the microwave reactor, while maintaining the same stirring speed and
an isothermal reaction time of four hours after reaching 200 °C throughout this series.
Figure 3.6 shows PXRD patterns of these experiments, in which this monomer salt was
heated in time spans from 40 seconds over several minutes to one hour. Here, it could
clearly be seen that the occurrence of these additional reflections depended on the heat-
ing rate during hydrothermal synthesis: When the reaction mixture was heated to the
desired temperature within one hour, which more or less corresponded to a heating rate
found in autoclave reactions, the product exhibited a PXRD pattern analogous to the
ones obtained from those autoclave reactions. When heating it within 30 minutes, the
reflections attributed to the second phase started being visible. With increasing heat-
ing rates these reflections became more intense, while heating up the reaction mixture
in less time than 4.5 minutes did not seem to increase the intensity of these peaks but
rather led to a slight decrease. It has to be noted that the heating rate within a single
experiment was not fully linear, since the initially quick heating process got slower over

the last few degrees before reaching set reaction temperature, which most probably was
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due to a safety measure of the microwave reactor intended for not overstepping the set

temperature.
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Figure 3.5: PXRD patterns of microwave- and autoclave-synthesized HT-PIs of (A) PMDA-oDIAN, (B)
PMDA-0DMBz, (C) PMDA-0TMBz and (D) PMDA-0DFBz, each compared to their respective monomer

salts and neat monomers.

25



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

BAUMGARTNER and UNTERLASS found that high heating rates in hydrothermal synthesis
reduced polymerization in the subhydrothermal regime, which would otherwise lead to
less crystalline products, and that sufficiently high rates might lead to products including
significant fractions of dimeric and oligomeric species which would result in additional
reflections visible in these products’ PXRD diffractograms.'?! The observations made
within this thesis could be in analogy to these postulates. Increases in heating rate led
to increased fractions of a second phase occurring along with the expected HT-PI prod-
uct, which indeed could be dimeric or oligomeric species as this phase corresponded
neither to the neat monomers, nor the bulk monomer salt or the bulk PI product. In
the course of trying to find out what this extra number of reflections represented, these
presumably highly crystalline PIs were again subjected to hydrothermal conditions in
steel bomb autoclaves for up to ten days using reaction parameters analogous to the
other autoclave reactions without the use of additional catalyst. In any case, autoclave
treatment of twelve hours did not change the diffractograms at all. For PMDA-oDIAN
(cf. figure 3.7A), this treatment resulted in these unassignable peaks vanishing, leading
to a PXRD pattern almost identical in terms of peak positions to the autoclave product
of PMDA-oDIAN. However, each remaining reflection was implied in the pattern of the
autoclave PI, but in this case the reflections were significantly more sharp and therefore
the peak resolution improved significantly. Therefore, hydrothermally post-treating this
microwave product led to a PI more crystalline than when synthesized in the autoclave
directly. This led to the assumption that these reflections might have arised from an
oligomeric species forming a second crystalline phase. However, since these observa-
tions were only made in cases in which ortho-substituted diamines were reacted, it could
be possible that these oligomers did not fully cyclodehydrate to form imide rings. These
quite bulky substituents located in ortho position to the amine moieties could have ex-
erted some degree of sterical hindrance, which might have hampered imide formation
after one carboxylic acid reacted with an amine moiety to form an amide bond. The re-
sult would be an amic-acid intermediate, which could have formed alongside other HT-
PI species, representing a second crystalline phase within these products of hydrother-
mal synthesis. However, if these intermediate amic-acid species were subjected to suffi-
ciently long lasting hydrothermal conditions, the effect of sterical hindrance could have
been overcome to fully react these to oligo- or polyimides. Consequently, if this assump-
tion bore any truth it could shed some light on the underlying reaction mechanisms of

hydrothermal PI synthesis.
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Results of ATR-FTIR analysis could be interpreted similarly, as two peaks at ¥ ~3485 &
3379 cm™ found in the microwave product vanished upon autoclave treatment, which
could be assigned to amide-inherent N-H stretching vibrations. Another peak at v ~
1688 cm™!, which could be interpreted as an amide-carbonyl stretching mode, seemed to
decrease in intensity. However, as it heavily overlapped with the imide-carbonyl mode
its assignment could not be done with a sufficient degree of certainty. Another two peaks
at 7 ~ 1292 & 1242 cm™ vanished as well, which could not be assigned to any vibrational
mode.

In case of PMDA-0DMBz, this treatment merely led to a lower relative intensity of these
extra peaks (cf. figure 3.7B). Additionally, IR spectra of both sample types seemed vir-
tually congruent. This could mean that if these intermediate species formed in case of
this monomer combination, the sterical hindrance could not be overcome that easily
and would probably need even longer exposition to hydrothermal conditions or maybe
even temperatures above 200 °C. Intriguingly, the PMDA-0TMBz system behaved quite
differently (cf. figure 3.7C). Here, the microwave PI again showed a higher number of
reflections while including those of the autoclave PI. However, when subjecting this
microwave PI to long-lasting hydrothermal conditions, the product did not just show
less intense reflections of the presumably second phase or a refined pattern of the auto-
clave PIL It rather showed a pattern which partially appeared to be a somewhat refined
diffractogram of the microwave PI while still including all autoclave-PI reflections and
most reflections of the microwave product, while some peaks of the microwave prod-
uct seemed to have vanished and some new reflections seemed to have appeared (which
were not congruent with the neat diamine’s pattern as well). Moreover, since the di-
amine 0TMBz contained two methyl substituents adjacent to each amine functionality,
which could both sterically hinder not only a cyclization reaction but also an amide-
condensation reaction, this system’s behavior could to some extent contradict afore-
mentioned assumptions of an emerging second phase consisting of oligomeric amic-acid
intermediates. This might indicate these second phases possibly being related to salt-like
intermediate species without any condensation reactions at all. However, the results of
ATR-FTIR analysis seemed contradictory but inconclusive. Here, the autoclave-treated
product exhibited two distinct peaks at ¥ ~ 3400 & 3324 cm™, which appeared similar to
the amine-stretching modes of the correspondent diamine but shifted by 30-40 cm™ to
lower wavenumbers, and which could be assigned to amide-stretching modes. Moreover,
the imide-carbonyl mode found at ¥ ~ 1719 cm™ seemed to have split up to give another,

overlapping peak at 7 ~ 1728 cm™, whereas the latter could not be assigned, as other
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possible species such as amide, carboxylic acid and deprotonated carboxylic acid give
values for carbonyl-stretching modes at significantly lower wavenumbers than imide-
related (or anhydride-related) ones. In addition to that, at lower wavenumbers more
differences between both products could be found without them allowing for structural
elucidation of the microwave PI or its autoclave-treated counterpart.

Taking a look at the PXRD patterns of the PMDA-0DFBz products (cf. figure 3.7D) it
again seemed as if the reflections of the autoclave product were included in the pattern
of the microwave PI. A treatment of the latter in hydrothermal conditions, however,
yielded a virtually different material. As this material’s PXRD pattern showed high con-
gruence with the pattern obtained from analyzing the pure diamine, it could be assumed
that a reverse reaction from PI to diamine and tetracarboxylic acid took place, while
the latter might not be seen in the diffractogram as it could have stayed in solution and
might have been contained in the filtrate of the reaction mixture after filtering. However,
IR data of the autoclave-treated material clearly evinced the presence of imide-carbonyl
modes, although weak in intensity, which contradicted the assumption of full PI hydrol-
ysis. Be that as it may, the reason for the hydrothermal treatment of the microwave PI
leading to its seemingly full hydrolysis could not be fully explained but might be con-

nected to the rather low amount of product employed for this reaction.

Assuming that these additional fractions might be soluble, small amounts of products
were given into small vials closed with septums and stirred in deuterated dimethyl sulf-
oxide at room temperature for several days. The resulting suspensions were extracted
from the vials, filtered through syringe filters and the filtrates subjected to fourier trans-
form nuclear magnetic resonance (NMR) analysis. For PMDA-0DIAN no soluble fraction
could be observed at all, as no significant signals could be recorded except for those of
water and solvent. Both PMDA-0oDMBz and PMDA-0TMBz contained soluble fractions
for which the aromatic signals of the diamine fractions were found to be more domi-
nant than the singlet of the PMDA fraction. However, more precise quantification of
the stoichiometric proportions was not possible, as the ratios between the areas each
integrated peak tuplets had were strongly dependent on the relaxation delay during
NMR measurements and differed greatly between each measurement. The outcome of
analyzing PMDA-oDFBz via NMR was quite similar while here amine modes were visi-
ble, which indicated incomplete polymerization maybe caused by reduced reactivity of
the amine moieties resulting from the electron-withdrawing effects of the fluorine sub-

stituents lowering their nucleophilicity.
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Figure 3.7: PXRD patterns of microwave-synthesized HT-PIs subjected to hydrothermal conditions in
autoclaves for several days.

To sum up, when synthesizing certain PI systems bearing substituents in the diamines’
ortho position to the amine functionalities while employing high heating rates, the ob-
tained products’ diffractograms exhibited more reflections than their analogues synthe-
sized by heating up more slowly. These reflections seemed to be due to additional phases
forming, which in some cases decrease upon further hydrothermal treatment. However,
although there were indications that these phases were related to low molecular weight
compounds consisting of the monomers employed which formed due to sterical hin-
drance of the amine functionalities, their chemical nature could not be clarified within

this work and further investigations would be necessary to do so.
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3.4 Non-Classical Synthesis of Polyimide Foams

3.4.1 Context

Not only films or fibers are being used for numerous industrial and scientific applica-
tions, but also porous, low-density forms of PI materials such as PI foams or aerogels
have been subject to extensive research in recent years.'®'*! Such materials were of
particular interest for highly demanding applications in cosmo- and astronautics where
low weight and good thermal insulation are factors of vital importance.'2%'2*13 More-
over, their comparatively low rates of heat release and of smoke and CO production in
fire conditions is considered highly beneficial for such applications.'®* Due to their ex-
traordinarily low dielectric permittivity, PI foams and aerogels also offer promising po-
tential as substrates for lightweight transmission systems in aerospace applications.'*’
Several methods exist for the manufacturing of porous, low-density PI materials: One
approach is to synthesize alkyl esters of polyamic(acid)s in solution, dry these and heat
the resulting solid products in an oven or mold. Here, the alkyl alcohols and water aris-
ing from the imidization upon heating act as so-called blowing agents causing porosity
in the resulting material by evaporation from melted intermediate product.'**'** How-
ever, this method is very likely to require incorporation of additional blowing agents to
achieve sufficient foaming.'?*'3? Another approach is based on the use of diisocyanates
instead of diamines for PI synthesis. Subjecting a solution of diisocyanates and dian-
hydrides in a high-boiling solvent such as dimethyl sulfoxide to slightly elevated tem-
peratures, both monomer types react to form PIs under release of CO, as side product,
which allows for the formation of a PI foam.'** Here, the blowing agent is somewhat
contained in the monomers themselves and arises upon combining these, while the use
of catalysts can lower the temperature range in which this reaction takes place down to
room temperature. However, any solvent used for enabling the reaction would have to
removed eventually, while side reactions of impurities and water with isocyanate moi-
eties are likely. In order to obtain polyimide aerogels one rather elaborate approach is to
form gels by cross-linking anhydride-capped polyamic(acid) oligomers with triamines
via chemical imidization in solution of a high-boiling solvent and subsequent solvent
removal by supercritical fluid extraction.'?® Therefore, this method does not require any
intrinsic or external blowing agent causing a significant fraction of voids within the ma-
terial.

Caused by a series of serendipitous events within the framework of this thesis, a mono-
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mer salt as PI precursor was found, which precipitated after combining aqueous solu-
tions of meso-butane-1,2,3,4-tetracarboxylic acid (BuTCA) and ethylenediamine, which
allowed for another, highly facile (an arguably fourth) method of manufacturing poly-
imide foams (representing a modified version of the first method discussed before). In-
triguingly, this novel monomer salt transitioned through a somewhat liquid state when
subjecting it to temperatures of approximately 200 °C in order to transform it into a fully
aliphatic PI. Although softening phenomena upon polymerization have been observed
for monomer salts for polyamide synthesis,'**"'*® this behavior has not been reported
for monomer salts for PIs, which usually undergo polymerization in solid state and re-
tain the salt particles’ shapes.’” As the temperature range in which this liquid state
occurred coincided with polymerization of the monomer salt, this liquid state allowed
for the formation of a continuous PI foam, driven by water vapor emerging from this
reaction. Upon cyclodehydration of a conventional monomer salt obtained from an acid-
base reaction of an tetracarboxylic acid and a diamine, theoretically four moles of water
could arise from one mole of monomer salt upon full polymerization. However, since
this novel monomer salt crystallized as a dihydrate (cf. section 3.4.3) one mole of it con-
tained two moles of crystal water, which would -in addition to the water emerging from
polymerization- leave the material as vapor upon polymerization as well. Since in case
of this material evaporating water served as sole blowing agent, the existence of this
crystal water would mean a mass increase in blowing agent of 50 % compared to the
neat monomers reacting with each other. With respect to the total mass of the mono-
mer salt hydrate, it contained a total mass fraction of 32 % blowing agent inherent to
the substance itself, which would be released upon sufficient heating. This most likely
contributed to this PI precursor’s extraordinary capability of being transformed into a PI
foam. This section presents this novel monomer salt as a precursor for polyimide foams,
which upon heating underwent a liquid state and ultimately resulted in a rigid, insoluble

PI foam.

3.4.2 Synthesis

For synthesizing this monomer salt, approximately 80 g of meso-butane-1,2,3,4-tetracar-
boxylic acid (BuTCA) were given into a beaker filled with 800 ml of deionized water. The
mixture was stirred until the tetracarboxylic acid was completely dissolved. An equimo-
lar amount of ethylenediamine (EDA) monohydrate was added dropwise while stirring

after which the solution was left to crystallize overnight. The precipitate was separated
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by filtration and washed with cold deionized water several times. The product crystal-
lized quantitatively as white polycrystalline powder. To obtain single crystals suitable
for single-crystal X-ray diffraction, the product was slowly crystallized from an aqueous

solution slightly the saturation concentration in water, which was roughly determined

to be less than 1 wt%, and slow evaporation of solvent. NMR analysis confirmed the mo-
nomer salt’s composition of H,EDA?** : BuTCA* =1: 1.
'H NMR (250.13 MHz, D,0:) § 2.43 - 2.68 (m, 4H), 2.88 - 2.89 (m, 2H), 3.37 (s, 4H)

Figure 3.8: Optical microscopy images of (A) polycrystalline [H,EDA* BuTCA?]-2H,0 and (B) large
single crystals of the same.

3.4.3 Characterization

Single crystal X-ray diffractometry of the obtained single crystals revealed the absolute
structure of the monomer salt, which in fact crystallized as a dihydrate with the general

formula [H,EDA?** BuTCA?*]-2H,0 (cf. figure 3.9).

Figure 3.9: Crystal structure of the monomer salt hydrate [H,EDA?** BuTCA?]-2H,0. These aspects are
viewed along a-axis (left), b-axis (center) and c-axis (right). It crystallizes in the monoclinic space group
P2,/c (no. 14) with lattice parameters a = 11.352(4) A, b=5.3571(17) A, ¢ =12.299(4) A and B = 97.511(8)".

Comparing the powder X-ray diffractogram simulated from the crystal structure via
CDCC Mercury software (versions 3.10.2 to 4.3.1) to the patterns obtained from analyz-
ing several batches of the polycrystalline monomer salt, the congruence seemed virtually

perfect (cf. figure 3.10). Moreover, after more than one year of storage in semi-closed
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containers at room temperature, the diffractograms of all monomer-salt samples as well
as their overall appearance remained unchanged, which indicated a generally high shelf
life.
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Figure 3.10: Powder X-ray diffractograms of polycrystalline [H,EDA?* BuTCA*]-2H,0. The measured
diffractogram matches the simulated one obtained from calculating the reflections from the salt’s crystal
structure. Differences in intensity of single reflections were due to preferential crystal orientation during
sample preparation.

Thermogravimetric measurements were conducted following a method of measurement
specified in section 5.2.1 and methods of result retrieval specified in section 5.2.2 of chap-
ter 5, which is fully dedicated to thermogravimetric analyses of numerous PIs. Measur-
ing at a rate of 10 Kmin™, four samples obtained from two batches of monomer salt were
analyzed in each dry N, and dry air. Initial sample masses ranged from 13.3 g to 26.8 g,
whereas for analyzing dehydrated monomer salt in N, one 11.40 g sample of salt dried at
80 °C in vacuo was used. Upon heating [H,EDA** BuTCA?*]-2H,O0, starting from above
50 °C until approximately 170 °C a mass-loss event could be observed, which perfectly
fitted the calculated mass loss of 10.91 % upon theoretical release of crystal water. This
mass-loss event did not occur when analyzing the sample of dehydrated monomer salt,
which did not exhibit any mass loss in this region, confirming the assumption of crystal
water being released from the neat monomer-salt samples. All samples showed a second
mass-loss event setting on at approximately 200 °C, which was identified as the expected
cyclodehydrative polymerization process. The third mass-loss event observed in each

of these measurements represented the resulting polymer’s decomposition process, de-
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scribed by following indicators of thermal stability: Averaged over all measurements,
the polymer exhibited T4499 of 465 °C in nitrogen atmosphere and 464 °C in air, Ty onset
of 467 °C in nitrogen atmosphere and 459 °C in air, and T4,y of 492 °C in nitrogen at-
mosphere and 479 °C in air. T4490 and Tqonset describe two indicators for the beginning
of the polymer-decomposition process, while T4 .x depicts the temperature of maxi-
mum decomposition rate of the polymer. Compared to fully aromatic PIs, which range
around 600 °C for T4, these values seemed quite low. However, since it was shown
in section 5.3.4 and later sections that already marginally allocated aliphatic moieties
within the PI structure lead to tremendous losses in thermal stability and given the fact
that a polymer obtained from [H,EDA?*" BuTCA?*]-2H,0 must be fully aliphatic, this
polymer could indeed be considered quite stable. Compared to other fully aliphatic PIs
found in literature, this polymer’s thermal stability seemed to be superior,'**!* or highly
comparable.'*® However, numbers obtained from thermogravimetric measurements are
strongly dependent on several method-intrinsic factors, which renders any direct com-
parison of decomposition temperatures throughout different literary sources somewhat
obsolete. For more detailed explanations and further contextualization of the decompo-
sition temperatures obtained for this PI, the reader is referred to chapter 5.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) analysis of the mo-
nomer salt [H,EDA?" BuTCA*]-2H,0 indicated full conversion of the starting products
to monomer salt: Distinct aliphatic N-H stretching modes of the diamine at ¥(N-H) »
3296 -3263 cm™ and ~3393-3383 cm™ vanished. Moreover, a N-H bending mode at
7(N-H) ~ 1597 cm™ vanished, whereas aliphatic C-H stretching modes at #(C-H) ~ 2930 -
2861 cm™ were found to be less pronounced. Instead, broad aliphatic -NH;" stretching
modes above 7(N-H) » 3000 cm™ were visible. Highly distinct carbonyl stretching modes
at ¥(C=0) ~ 1695 cm! of the tetracarboxylic acid shifted to #(C=0) » 1684 cm™ upon reac-
tion to monomer salt. Moreover, a very distinct mode at 3404 cm™ indicated the presence
of crystal water. This peak completely vanished upon drying the monomer salt at 80 °C
in vacuo. Simultaneously, the carbonyl stretching mode shifted to #(C=0)~ 1678 cm'
upon drying while another one at #(C=0) ~ 1657 cm™* arised. This could have indicated
the existence of two carbonyl modes, one belonging to the deprotonated carboxylate
anion and the other one to the protonated carboxylic acid moiety, while another mode
at 3084 cm™! vanished, but instead one at 3152 cm™ emerged. Both observations could
have correlated with a carboxylate-carboxylic acid dimer (-CO,"...HO,C-), which would
mean that, in a salt-dihydrate state, both moieties shared a proton and were therefore

spectroscopically equivalent.
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ATR-FTIR analysis of the polymerization product revealed the absence of modes char-
acteristic for the starting compounds and the monomer-salt precursor. Instead, intense
modes indicative for full conversion to PI were found: Highly distinct imide-carbonyl
stretching vibrations at 7,,(C=0)~1774cm™ and 7,(C=0)~ 1688 cm™ were present, as
well as two stretching modes centered around the nitrogen atom within the imide moi-

eties 7(-H,C-N) = 1396 cm™ and #(-OC-N) » 1357 cm’’.

Figure 3.11: Scanning electron micrographs of (A) polycrystalline [H,EDA?* BuTCA?]-2H,0 and (B) its
solid-state polymerized PL The polymer exhibited clear signs of softening phenomena during polymer-
ization.

3.4.4 Manufacturing of Polyimide Foams

Converting this monomer salt into a PI generally could be done by simply heating it
up to temperatures close to 200 °C. However, in order to obtain a PI product exhibit-
ing a considerable fraction of pores, it seemed crucial to heat it up rather quickly in
order to avoid premature evaporation of the crystal water and ensure the salt transition-
ing through a liquid phase during the process of heating. It was observed throughout
numerous improvised trials that if the monomer salt was heated too slowly, both the
occurrence of a liquid phase and the effect of foaming did not seem to be dominant. This
was most probably due to the water molecules contained in the crystals evaporating too
quickly, which could indicate the liquid phase originating rather from a dissolution of
the salt in water released from the crystal structure (possibly from oligomerization re-
actions as well) at sufficiently high temperatures than from a pure melting process, or a
combination of both. On the other hand, if the emerging water could not leave the re-
action vessel at a sufficient rate, the liquefied salt would not react sufficiently to convert
to PI (or a possible precursor state) and any bubble formed would eventually collapse
since the salt would stay liquid unless cooled. It was found that the probably most ef-
ficient way of obtaining PI foams from [H,EDA?** BuTCA*]-2H,0 was exposing it to
monomode microwave irradiation in a semi-closed vessel. This was achieved utilizing
an Anton Paar Monowave 400 microwave reactor equipped with a G30 wide-neck vial,

which was capped with a lid containing a PTFE septum which was modified by cutting a
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2-mm wide notch in order to allow the release of emerging water vapor during the reac-
tion. The inner surface of the glass vial was manually coated with a thin layer of mineral
heat-transmission oil to facilitate demolding of the foam product. Approximately 1.5g
of the monomer salt were given into the vial and heated to 200 °C within 2 min and the
temperature was held for 5min. After one minute of heating while still at temperatures
below the final polymerization temperature, the monomer salt started melting at the top
of it’s pile (which could be found in the central region of the vial) while the first signs
of melting could be observed occurring on the pile’s side facing the microwave source
(cf. figure 3.12). The melting process quickly spread along the cross-sectional area and
downwards simultaneously forming a continuous liquid phase in a period of less than
13 seconds from the occurrence of first signs of melting, while this entire process was
accompanied by a vigorous formation of bubbles within the liquefied monomer salt. In
the course of the following minutes of constant heating, stiffening of the foamed liquid
phase was observed alongside significant browning. Since full conversion of monomer
salt to PI could not be assumed due to the product’s relatively bright color, the foam
was demolded and cured in a convection oven at 200 °C for several hours. The obtained
product was a stiff, intensely brown-colored PI foam. This experiment was repeated sev-
eral times with slight procedural variations such as different heating rates and mass of
monomer salt but with highly similar outcomes. However, the size and local distribution

of voids within the obtained PI-foam products did not seem homogeneous.

Figure 3.12: Image sequence of [H,EDA?* BuTCA*]-2H,O polymerized in a microwave reactor. The time
signature in this series started immediately when the first signs of melting were visible after approximately
one minute of heating. Within 13 s, all monomer salt inside the vial was in a liquid state, whereas after
approx. 60 s stiffening of the foamed material could be observed.
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3.4.5 Structural Possibilities

Considering the rotational flexibility of these fully aliphatic monomers along their C-C
single bonds, most likely facilitated by high temperatures and the liquid state occurring
in the process of polymerizing this monomer salt, numerous combinations of reactive
sites to form amide and imide links could be considered possible. This would result
in several isomeric structures after imide ring closure upon cyclodehydration, among
which two five-membered rings connected by one C-C single bond (cf. figure 3.13 A),
two fused six-membered rings (cf. figure 3.13 B), and a structure consisting of a five-
membered ring fused with a seven-membered ring (cf. figure 3.13 C) could be consid-
ered being the ones most likely to occur.'*!** Although these structures may have ex-
hibited differences in thermodynamic stability, kinetic products could be expected from
a polymerization reaction fast enough to cause a significant foaming effect using this PI
precursor. On the other hand, especially amide linkages but also imide rings can be hy-
drolyzed in the presence of water if acidic or basic conditions, respectively, can be found

143.14 which could potentially cause reverse reactions

in the moieties’ close proximity,
and favor thermodynamic products during polymerization. Regardless of the likelihood
of this scenario occurring, it should additionally be mentioned that there might also be
the possibility of intramolecular bisimides forming from a single monomer salt molecule
if one BUTCA? ion fully reacted with a single H,EDA?* molecule upon sufficient heat-
ing. Moreover, sporadic formation of amide crosslinks across longer polymer chains
could seem possible, which would contribute to the fact that PIs obtained from this mo-
nomer salt were virtually insoluble in any common organic solvent. Merely swelling
in hot, concentrated sulfuric acid could be observed. However, since all these scenarios
seemed probable and simulative approaches to elucidating preferred structural compo-
sitions utilizing ATR-FTIR spectroscopy did not yield any results within the framework

of this thesis, it was assumed that all possible combinations during condensation could

occur.

3.4.6 Outlook

A monomer salt as precursor for fully aliphatic PIs was synthesized and characterized
using inexpensive monomers and a highly facile route of synthesis exhibiting quantita-
tive yields. In combination with its excellent storability, its inherently high content of

blowing agent , and the fact that it readily melted and formed a foamed structure upon
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Figure 3.13: Three possible structures (A-C) polymers obtained from heating the monomer salt [H,EDA?*
BuTCA?%*]-2H,0 could exhibit. Although mechanistic pathways of the reaction from monomer salt to PI
are not fully understood, #9319 intermediates (1-4) including amide linkages and pendant carboxylic-acid
(or carboxylate) moieties seemed probable. Intermediates 1,2 and 3 could form PI structure A, two five-
membered rings connected by one C-C single bond. Intermediates 1,2 and 4 could form PI structure B,
two fused six-membered rings. Intermediates 3 and 4 could form PI structure C, a five-membered ring
fused with a seven-membered ring.

quick heating by means such as irradiation by microwaves, it represented (an ideal can-
didate as) precursor for easily obtainable high-performance polymer foams and offered
great potential representing an environmentally benign route to PI foams.

However, several processing-related aspects would have to be studied more extensively
in order to reliably produce well-performing PI foams from it, such as optimization of
the foaming process in terms of adjusting the water-vapor exhaust during heating, or
ensuring a higher degree of homogeneity of the pores in terms of size and local distribu-
tion. Naturally, methodical aspects of upscaling the foam production from this precursor
would pose another challenge which would require tackling.

Moreover, some degree of clarification if the monomer salt’s liquidification upon heat-
ing is a melting process of the salt itself or rather a solution of the salt in water origi-
nating from the crystals themselves combined with water arising from oligomerization
reactions could be beneficial for optimizing foaming procedures from an engineering
perspective. This, but also a structural elucidation of the polymeric products obtained

from polymerizing [H,EDA?* BuTCA*]-2H,0 would even be of scientific interest.
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4. Vapor-Sorption Analyses

4.1 Introduction

Several reasons exist for why in the past decades PIs have been the polymer class of
choice for dielectric applications in the electronics and microelectronics industry. In
this field, the most relevant characteristics of PIs are their generally low dielectric con-
stants and their extraordinarily high thermal stability. However, PIs cannot prevent cor-
rosion phenomena from occurring during a (micro)electronic device’s service lifetime,
often times resulting in considerable device reliability issues. In this context, corro-
sion is closely related to the presence of water in the affected site’s close proximity, as
water can solvate ionic impurities in PIs and enable their participation in conductive

processes, * * which could ultimately lead to electrolytic corrosion.

148,149

Several scientists’ observations on how PIs are able to absorb water were somewhat con-
tradictory: In their pioneer research on the (di)electric behavior and water permeation
properties of the PMDA-sODA system, SACHER and Susko indicated that polar moieties
within PIs, namely carbonyl groups and ether linkages, play a crucial role in this PI's
sorption properties.'**'*® In 1989, MELCHER et al. confirmed bond-like interactions of
water molecules with the carbonyl mioeties, while excluding significant amounts of wa-
ter to be sorbed at internal clusters or the PI chain ends.' Both groups estimated the

amount of water absorbable to be approx. 0.67 - 1.03 mol water per mol of repeating unit

of the PMDA-sODA system. A possible PI-water interaction mechanism is presented in

figure 4.1.
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Figure 4.1: Intrinsic polarity of PI materials due to the eponymous imide moiety itself. Negative partial
charges can exist statistically on each of the oxygen atoms involved in the imide bond. These sites are
very likely to be subject to interactions with water molecules, most probably in terms of hydrogen bond
formations.
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On the other hand, DENTON et al. proposed in 1985 that the uptake of moisture in PIs
is mainly driven by water molecules occupying free volume in the polymeric material,
which could be lowered by densification of the PI film by e.g. increasing cure tempera-
ture. Upon densifying a PI film, the polymer’s free volume is lowered, resulting in a de-
creased velocity of moisture diffusion.'*'*! Moreover, in 1998 BucHHOLD et al. postulated

12153 ranging from

that in PIs water molecules are absorbed exclusively in microvoids
0.5nm to 0.8 nm in diameter®* and that the sorption behavior is "not directly related
to the presence of polar groups",'* thereby negating any effects polar moieties such as
carbonyl groups could have on the water sorption of PIs. However, in cooperation with
BucHHOLD, DLUBEK et al. found in 1999 that below 30 %RH, the water sorption process
in PIs might be dominated by single water molecules occupying larger pores, whereas at
higher relative humidities (RHs) multiple occupancy of these pores and interstitial free
volume might occur, while synergistic effects from water molecules hydrogen bonding to
carbonyl groups might exist.'>> Nonetheless, several authors agreed in that it most likely
is a subtle combination of both steric and electronic effects'>® being responsible for water
sorption in PIs: Already in 1991, MOYLAN et al. stated that among different PIs, differ-
ences in water-sorption behavior could be due to discrepancies in chemical affinity for
water molecules or in internal volume available for water permeation, or both.'” More

158,159 as

recently, SEo et al. also included both aspects of water affinity to polar groups,
well as (free) volume in the polyimide arising from polymer-chain orientation and inter-
molecular packing order leading to differences in water sorption. !**¢*1¢! Furthermore,
it has to be noted that crystalline regions in a PI serve as impenetrable obstacles, which
reduce the overall volume available for water (and solvent) sorption. 28162163

Although the permeation of water into a PI initiates by adsorption of a monolayer
on the PI surface,'* the overall uptake behavior was shown to be a bulk absorption
phenomenon,'** while the sorption of water in PI films is a fully reversible diffusion
process.** Since they are mostly used below their generally high glass transition tem-
peratures, PIs can be classified as glassy polymers, which includes the water diffusion
to deviate from ideal Fickian behavior.'®>"1%7 However, the kinetics of water diffusion
into PIs fairly obey Fick’s second law of diffusion and can therefore be modeled by

it. 152,155,157,166,168

In 1855, ApOLF Fick formulated his second law of diffusion (one-dimensional case) to be

ac d°c
=D

D 4.1
ot 2y? (4.1)
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where c denotes the concentration of the penetrant at time ¢ and at a distance y from the
substrate’s surface (gradient of concentration only along the y-axis), while the constant
D is the so-called diffusion coefficient.'®"'"! Joun CRANK presented a solution to this
equation for a plane sheet model in 1975, while assuming one-dimensional diffusion

and thereby neglecting effects of penetration into the edges of the plane sheet:

—D(2n+1)2n2t
M5 S Z (Zn +1 2712 =) (4.2)

M(t) denotes the absolute water uptake at a time ¢, M,, denotes the absolute water up-
take at equilibrium, while L denotes the thickness of the plane sheet (film) and D again
denotes the diffusion coeflicient, which is a measure for the diffusion velocity of a pen-
etrant into solid matter.'”® This equation and its simplified approximations provide a
convenient way of obtaining D from mass uptake experiments,'’ and has successfully
been used for describing diffusion of water into PI films by numerous authors, 1387162166168
and will therefore be utilized within this chapter.

As the term polyimide merely describes a class of polymers, PIs’ molecular structures
can differ greatly depending on which monomers have been employed for their synthe-
sis. Since its structural composition has a great impact on the resulting PI's moisture

152157 it is of vital importance for its intended application to predict

sorption behavior,
both how much water can be taken up by the PI and how quickly the diffusion through
the material takes place. Although the fields of interest in PIs’ structure property re-
lationships are widespread and some applications, such as gas-separation membranes,
aim for high uptake and diffusivity,’*’ this thesis’ chapter was mainly motivated by sys-
tematically lowering PIs’ moisture uptake and diffusivity. For that, several PIs from
(in most cases) commercially available monomers were synthesized and the employed
monomers’ influence on both the moisture uptake (relative to sample mass) and this ab-

sorption process’ velocity (diffusivity) of the resulting PIs were analyzed and compared

systematically.

4.2 Experimental Approach

4.2.1 Method of Measurement

Classically, and as defined by standards set by ISO'”®> and ASTM'7*, moisture uptake of

polymers is determined via gravimetric analysis of samples exposed to either full im-
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mersion in water'7>!7* or to storage conditions at 50 %ZRH'"*, while changes in sample
mass are detected on analytical balances capable of reading to 0.1 mg. This requires for
quite large specimen sizes having a dry weight of 2 g to 10 g to compensate for inherent
inaccuracies of analytical balances.'”” Moreover, as it is a static type of measurement
in which the specimen is weighed after certain durations of exposure, these methods
intrinsically pose a very limited temporal resolution and therefore do not allow for an-
alyzing the kinetics of the sorption processes.

Therefore, the obvious method of choice for analyzing the sorption behavior of PIs
within this work was dynamic vapor sorption (DVS). It allows for freely customizable
programs of relative humidity exposure, sample masses in milligram range, as well as
continuously recorded parameters. All DVS measurements were conducted on a DVS
Intrinsic (Surface Measurement Systems Ltd., London, UK), which was located in the lab-
oratories of the Polymer and Composite Engineering Group at the University of Vienna.
To describe its operating principle in a simple manner, the DVS instrument continu-
ously floods a sample chamber with gaseous nitrogen, which has been humidified by
effervescence within a separated water reservoir, while a humidity sensor controls the
relative humidity in the sample chamber. Within the course of a measurement, the sam-
ple, which has been placed on top of a sample pan, which again is attached to a sensitive
digital microbalance, gets exposed to different, controlled levels of relative humidity
while the microbalance detects changes in sample mass. From such a measurement sev-
eral parameters, such as sample mass, target humidity, (actual) relative humidity, etc.,
are obtained along a time axis, in a temporal resolution and at a temperature chosen by
the operator. Preliminary measurements showed that changes in specimen dimensions
of the same PI system lead to significant differences in water uptake in the measurement
(cf. Figure A.1). Here two specimens of the PI system PMDA-Bz were cut out from the
rather even, central region of 900-mm? sized spin-coated PI films, both having different
thickness and surface area. Based on this insight, it was considered crucial for a general
comparability of a sample series to have similar and defined dimensions. Therefore, all
following samples were prepared on square-shaped silicon wafers having a surface area
of 100 mm? on their polished side. Each obtained specimen had one flat side which was
attached to the substrate’s surface and another one being slightly uneven due to more
material depositing in the outer regions upon curing, known as the coffee-ring effect.
By fully covering the polished side of the wafer with sample material, all samples had
the same size in two dimensions (10 mm), whereas the average thickness of each film

depended on the amount of material applied and the material itself, and ranged from 24
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to 49 um. It was assumed that possible effects arising from deviant total surface areas
within the entirety of the samples could be minimized by this approach.

For analyzing the samples in terms of water vapor uptake two fundamentally different
programs of humidity exposure had been utilized within this thesis. The chronologically
first one included more and consecutively increasing steps in humidity, less duration per
step and a relatively low scanning frequency of 1 min™ as compared to the second pro-
gram. Two to three specimens per PI system were analyzed following this method. It
consisted of an initial drying step at targeted 0 %ZRH for 420 min, followed by steps of
180 min at 20 %RH, 180 min at 40 %RH, 300 min at 50 %RH, 180 min at 60 %RH, 400 min
at 80 %RH, 500 min at 85 %RH, one desorption step for 180 min at 50 %RH and one final
step at 0 %RH for 200 min. A different approach was chosen when the second program
was used to analyze various PI materials more thoroughly. For this, since several mea-
surements conducted using the first method showed a linear behavior between RH and
water vapor uptake, only four levels of RH were chosen: An initial drying step at 0 %ZRH,
then absorption steps at 20,50 and 85 %RH, each absorption step followed by a desorp-
tion step at 0 %RH. This allowed for a more thorough investigation of the chosen PIs’
sorption behavior, as for each level of RH both absorption and desorption isotherms un-
til mass equilibrium were recorded. The duration of each step increased with increasing
humidity levels, since an increase in time necessary for sample weight equilibration was
observed when increasing RH during measurements. Moreover, since the PIs showed
huge differences in absorption velocity, each program had to be adapted individually
in terms of step duration, which led to total measurement lengths ranging from 46 to
120 h per program. The details of each humidity program employed are specified in each
subsection of the results section. A scanning frequency of 30 min™! ensured a finer res-
olution, which was considered appropriate for approximating experimental absorption
curves by equation 4.2. The DVS instrument did not exactly reach the target RHs as as-
signed by the selected program. In all drying phases within all programs the actual RH
oscillates slightly below 1 %ZRH but never at 0 ZRH, which might be either due to residual
humidity from the technical grade nitrogen supply or just a limitation inherent to the
device. At higher target RHs, values for actual RH slightly deviated from the targeted
RH: aiming for 20 %RH led to an actual 18.3 — 18.8 %RH, targeted 50 %RH to actual 50.8 -
51.0 %RH, and targeted 85 %RH to actual 85.4 — 85.9 %ZRH. After a neighboring laboratory
had suffered a fire, the DVS device’s humidity sensor was recalibrated by an authorized
service technician sent out by the manufacturer. After that, the deviations of actual RH

to targeted RH changed: aiming for 20 %ZRH led to an actual 17.8 — 18.2 %RH, targeted
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50 %RH to actual 48.1 — 48.8 %RH, and targeted 85 %RH to actual 82.0 - 83.2 %ZRH. In all
cases, approx. 10 s after the program set a change in target RH, a significant change in
actual RH could be detected, whereas several minutes were necessary for the device to
equilibrate at a stable actual RH. All measurements were conducted at a stable temper-

ature of 25.0 °C within the sample chamber.

4.2.2 Manufacturing of Specimens

For obtaining PI samples for DVS measurements PAAs (cf. chapter 3) were drop casted
onto (100) Si wafers and cyclocondensated at temperatures up to 400 °C. The precisely
cut, square-shaped wafers had a side length of 10 mm and a polished side covered by a
few-nanometer thin native oxide layer. The amount of substance applied on the wafers
depended on the planned comparison. For comparing fraction of imide moieties within
PIs, the weight of cured PI was kept constant at approx. 3.6 mg. For all other specimens,
the amount of cured PI ranged from 9.6 - 10.0 umol (with the exception of samples of
approx. 6.6 umol in preliminary measurements of PMDA-APBP and PMDA-8FAPBP).
The amount of substance refers to the quantity of repeating units of the respective PI
assuming infinite chain lengths. For applying the PAAs, the substrates’ polished sur-
face was wetted by PAA using a clean spatula which has been immersed in the polymer
solution before. Complete wetting until the very edges of the substrate was ensured
with utter care since flaws in wetting lead to a withdrawal of the polymer from affected
sites during curing. Then, more PAA solution was added dropwise until the desired
weight of applied precursor solution was reached, whereas the dry mass of each PAA
solution after curing was either calculated assuming infinite polymer chain length or
in some cases by weighing samples on a microbalance before and after curing. Several
specimens were prepared for each polymer system. This whole process was done on a
Sartorius analytical balance, which was capable of reading to 0.1 mg. This balance’s rel-
atively low sensitivity might be the main reason for slight deviations from the desired
weight of the final product when then weighed with the microbalance within the DVS
device during measurements. Immediately after application each sample was given into
a tube furnace and pre-baked at 90 °C in a slight stream of nitrogen ensuring inertness
within the sealed tube and removal of solvent from the casted precursor polymer solu-
tions. Approximately one hour after the last sample was given into the tube furnace, all
content of the furnace was subjected to a specific curing program while maintaining a

slight nitrogen flow. It consisted of heating from 90 °C to 400 °C at a rate of 2 K min™ with
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isothermal plateaus at 150 °C, 210 °C, 300 °C (30 min duration each) and one final temper-
ature step at 400 °C which was held for 60 min. This curing program was followed by
slowly letting the furnace cool down to ambient temperature over several hours in static
nitrogen atmosphere. Free-standing PI films for DVS measurements were obtained by
carefully detaching each cured polymer film from the substrate with an unused razor
blade. This manual procedure occasionally led to damages at the corners of single PI
films, which therefore were not subject to any DVS measurement. PI systems contain-
ing ether linkages (polyetherimides - PEIs) showed a comparably high affinity to the
substrate, which made it necessary to immerse those specimens in deionized water dur-
ing manual detachment. The specimens immersed in water were subsequently dried in
a drying cabinet at 60 °C for several hours and then transferred to glass vials flushed
with argon, whereas all other samples were stored in LDPE bags at ambient conditions

prior to measurement.

4.2.3 Determination of Sample Thickness

After application of the PAAs onto the wafers, the applied material covered all surface
in a drop-like fashion, confined by the edges of the substrate. Upon drying and cur-
ing, each specimen showed a ring-like deposition of the PI material with slightly thicker
outer regions. For calculating diffusion coeflicients, the average sample thickness had to
be determined. Measuring the thickness of a sample by means of profilometry directly
requires non-covered regions of the substrate as points of zero height on opposing sides.
Since this would require cutting off parts of the sample, a different approach was chosen.
After characterization in the DVS device, it was attempted to evenly re-attach each sam-
ple to square-shaped silicon wafers of 30 mm side length. These attempts were successful
only in 6 out of 29 cases, since most samples exhibited a slight curvature after detaching
them from the original substrate while having only limited flexibility. However, every
specimen’s thickness could be determined with the help of a Mitutoyo digital microme-
ter series 293 0-1"(Mitutoyo Corporation, Kawasaki, Japan), although the values obtained
hereby seemingly overestimated sample thickness, due to the measuring faces’ rather
high surface area of approx. 32 mm? and the resulting low lateral resolution. Assuming
the thickness determined via profilometry being more representative of the actual one,
an average ratio between profilometer-derived (average of four measurements across the
film with an offset of approx. 45°) and micrometer-derived (average of four areas in each

corner and two central areas) was calculated for the samples which could be analyzed
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via profilometry. For each sample, the ratio of 0.70 was then multiplied with the values
for thickness derived by the micrometer method to get the final thickness which was

taken for the calculation of the diffusion coefficients.

4.2.4 Retrieval of Results

For determining the absolute moisture uptake of each PI, the increasing sample mass
at each humidity step was set in relation to its dry weight, given in per cent. The last
value of sample mass of the initial drying step (approx. 1 %RH) was set to be the dry
weight, while the last value of sample mass at the end of each absorption step depicted
the absolute mass uptake at this level of humidity. However, for several measurements,
slight shifts in the baseline for sample mass could be observed, which affected process-
ing of the data derived by the second, refined type of measurement method. One, rather
rare type of such inconsistencies manifested in sudden shifts to slightly higher or lower
values of sample mass at some point within the data series, which most probably oc-
curred due to percussions the device was exposed to, in spite of the numerous measures
taken for shock absorption. The other two -rather subtle- types of shifts in the baseline
could be observed over the whole course of few single measurements, when the sample
mass at the end of a drying stage had values either lower or higher than at the end of
the previous drying stage. As those phenomena were consistent within one sample (val-
ues always increasing but never decreasing within one measurement or vice versa), this
behavior could also originate from material-inherent properties. However, when deter-
mining the absolute moisture uptake, these shifts were easily corrected by not referring
to the initial dry weight of the sample but to the dry weight obtained from the previous
drying stage.

For deriving the diffusion coefficients of the materials, each sorption step’s complete
series of data points was separately subjected to curve-fitting to equation 4.2. The orig-
inally continuous time signature was set to zero at the beginning of each step via sub-
tracting the first value of measurement time (in s) from all following data points of this
sorption step. Since equation 4.2 takes into account the mass change of ab- or desorbed
water, these values were derived via subtracting the sample mass at the beginning of
each sorption step from all following data points within this step. If percussive shifts in
the data curve -as mentioned previously - occurred rather late within one sorption step,
fitting of the experimental curve was done until the shift occurred and all following data

points were not included. If such a percussive shift occurred within the first half of the
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sorption steps duration, the measurement was repeated. The other, constant shifts in
dry weight did not affect the calculations of the diffusion coefficients, as each ab- and
desorption step was handled separately.

Equation 4.2 describes the development of ab- or desorption of water as a function of
time, with constant parameters of film thickness, initial (=0 mg) and final values for mass
of absorbed water and diffusion coefficient (cm?-s). With thickness being a known pa-
rameter, the simulated curve was fitted by adjusting the diffusion coefficient for the ma-
terial at each sorption step, converging toward the final mass value of the experimental
curve (which is negative for desorption curves). The obtained measurement data for

176,177 (

each sorption step was separately processed in a Python version 3.8.5) environ-

178 (version 1.19.2), mpmath!”® (version 1.1.0)

ment, utilizing the Python libraries NumPy
and SciPy '™ (version 1.5.2). For each sorption step, a simulated curve was fitted to exper-
imentally obtained data using the SciPy.optimize.curve_fit function applying a Levenberg-
Marquardt algorithm within a damped non-linear least squares method. After an initial
guess, the diffusion coefficient was refined by repeating the curve fit calculation at least
two times while inserting the obtained value of the previous calculation as first guess of
the new one. The results obtained consist of six different diffusion coefficients per sam-
ple, one for each absorption step (from 0 %RH to 20, 50 and 85 %RH) and one for each
desorption step (from 20, 50 and 85 %RH to 0 %2RH). Ranging between 2.72-10™"° cm?*s™ to
3.04-107 cm®s™, the values for the diffusion coefficients retrieved from these calculations

14,151,158,159,162,168,181, Whlle each material

agree very well with the ones found in literature
showed similar values for all associated diffusion coefficients. For each PI system, an
average diffusion coefficient D,,, was calculated, taking into account all sorption stages
of the respective measurement. For reasons of simplification, this averaged coefficient
was used to compare the diffusion behavior of the analyzed PI systems within the re-

sults section, while a higher D,,, denotes a higher velocity of water diffusion into a PI

material.

4.3 Results

The first three subsections of this section first discuss the results of the measurement
method employed initially as described in 4.2.1, analyzing two or more specimens per PI
system and consisting of shorter exposition times in absorption mode only. Nevertheless,
they show a linear relation between RH and mass increase due to absorbed water and

already point to tendencies in the moisture uptake behavior of the PIs analyzed. This
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was followed by the analysis of both moisture uptake as well as diffusion coefficients
obtained from the second, refined measurement method employing four different stages
of ab-/desorption and longer exposition times. One to two specimens per PI system
were analyzed using this method. The samples analyzed for all following subsections
were subject to the refined method of measurement only, as it contains more processable
information and rendering the first method somewhat obsolete. For interpreting the
graphs showing the absolute moisture uptake of PIs within this chapter, it has to be
noted that 0 %RH could not be reached using this device but instead RH was oscillating
below 1 %RH. Nevertheless, as the sample mass at the fictious value of 0 %ZRH could not

be determined, the sample mass at <1 %ZRH was set to 0 wt% moisture uptake.

4.3.1 Fraction of Imide Moieties within PI Material

The idea behind this measurement series was to analyze PI systems comprised of fully
aromatic segments connected by imide moieties and compare them in terms of the ef-
fect mass fraction the imide moiety makes up within each PI's structure. There is only a
limited number of monomers commercially available, which do not contain heteroatoms
or aliphatic regions outside their amine or anhydride functionalities. The diamines 1,4-
phenylenediamine (pPDA), benzidine (Bz) and 4,4”’-diamino-p-terphenyl (DATP) con-
tain one, two or three benzene rings, respectively, in a linear fashion and are therefore
suitable for such a comparison. For the dianhydride counterpart only pyromellitic dian-
hydride (PMDA) and 3,3’ ,4,4’-biphenyltetracarboxylic dianhydride (sSBPDA) were avail-
able, containing one and two benzene rings, respectively. It should be noted that employ-
ing sBPDA, although being symmetric, does not lead to fully linear polymer chains when
polymerized due a kink resulting from the bonding of the two benzene rings, which is in
meta-position to one anhydride functionality on each side. Total linearity on the dian-
hydride side (except for PMDA) would only have been possible employing naphthalene-
2,3,6,7-tetracarboxylic dianhydride and anthracene-2,3,6,7-tetracarboxylic dianhydride,
containing two and three benzene rings, respectively. These two monomers were not
available commercially at any point during this work, whereas synthesizing them di-
rectly did not seem feasible, as sufficiently detailed reports about their synthetic routes
were not to be found in literature and studies toward this direction would have exceeded
the framework of this thesis.

Several PI samples of six different combinations of the three diamines and two dianhy-

drides mentioned before were prepared (cf. chapter 3). The PI system PMDA-pPDA has
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an approx. 48 % mass fraction of imide moieties (counting both carbonyl groups and
one nitrogen per imide group), assuming infinite chain length within the fully cured
product. PMDA-Bz and sBPDA-pPDA both contain approx. 38 %, whereas PMDA-DATP
and sBPDA-Bz both contain approx. 32 %. The system sBPDA-DATP contains the lowest
fraction of imide moieties of approx. 27 %. It was assumed that with lowering the frac-
tion of imide moieties within the same amount of PI material the moisture uptake would
decrease, since this functionality intrinsically is significantly more polar compared to the
aromatic parts of the PIs and therefore would offer a higher relative and absolute num-
ber of sites on which single water molecules could interact with. In order to investigate
the effect, the number of imide moieties has on moisture uptake, the sample mass has
to be equal across the series of PI systems. Keeping the sample mass constant results in
differences in molar amount of sample material and therefore in differences in number
of imide moieties, according to the size of each PI's repeating unit. It was set to approx.
3.6 mg. Effects of the PI chains’ terminal amine or anhydride/acid functionalities were
considered as being negligible in the moisture uptake behavior of the PIs synthesized.
Initially, three specimens per PI system within this sample series were analyzed follow-
ing the first measurement method described in 4.2.1, except for the PI system PMDA-
DATP, for which only 2 specimens were analyzed. As it can be seen in Figure 4.2, for
each specimen a clearly linear behavior could be observed: With increasing RH the in-
crease in sample mass increased as well. These linear dependencies of RH and moisture
uptake have been reported before.!*>1:1331¢4 A glight scattering of values for moisture
uptake could be observed as well, which became more apparent in both PI systems hav-
ing the highest total moisture uptake and especially at higher values of RH. These dis-
crepancies are most likely due to differences in specimen weight resulting from the low
sensitivity of the balance used for sample preparation, and to the rather short duration
of each absorption stage within this measurement method. PMDA-pPDA exhibited the
highest overall uptake of more than 4 wt% at 85 %RH. With about 2 wt%, the PMDA-Bz
system’s moisture uptake was roughly half the one of the previous system, although it
only had a 20 % lower imide mass fraction. A significantly lower uptake could be seen in
the systems PMDA-DATP and sBPDA-pPDA, which were slightly overlapping, followed
by sBPDA-Bz and sBPDA-DATP showing the lowest moisture uptakes. It seemed as if
a lower fraction of imide moieties indeed decreased the moisture uptake, although the
resolution within the samples of lower uptake left room for improvement.

Therefore, a second measurement series was undertaken employing a program consist-

ing of less absorption stages but with highly prolonged exposition durations adding up
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to 116 h per sample in order to ensure getting closer to each PI system’s sorption equi-
librium (cf. section 4.2.1). The program comprised an initial drying step for 840 min at
0 %RH, absorption steps at 20, 50 and 85 %RH for 1200 min each, while each absorption
step was followed by a desorption step for 840 min at 0 %RH. For this measurement se-
ries, two specimens per PI system were analyzed simultaneously. Here again, while all
systems showed a linear absorption behavior, PMDA-pPDA (48 % imide mass fraction)
exhibited the highest uptake of 4.2 wt% at targeted 85 %RH, followed distantly by PMDA-
Bz (38 % imide mass fraction) with 2.1 wt% (cf. 4.3). PMDA-DATP (32 % imide mass frac-
tion) showing an uptake of 1.4 wt%, was rather closely followed by sBPDA-pPDA (38 %
imide mass fraction) with 1.3 wt%, and by sBPDA-Bz (32 % imide mass fraction) with
1.2 wt%. Having an uptake of 0.8 wt% at targeted 85 %RH the PI system sBPDA-DATP
(27 % imide mass fraction) again had the lowest moisture uptake of all systems within
this measurement series. These results clearly demonstrated that lowering the amount
of imide moieties in the PI material lowers the amount of water being absorbed by it.
However, the moisture uptake did not directly scale with the fraction of imide moieties
within the PIL Differences in uptake are larger from PMDA-pPDA to PMDA-Bz and from
the latter to the following systems, whereas it was expected that SBPDA-pPDA would
show moisture uptake values rather in the region of PMDA-Bz than below PMDA-DATP.
Instead, a general tendency toward lower uptake could be observed when incorporating

sBPDA as dianhydride.
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Figure 4.2: Initial DVS measurements of the sam- Figure 4.3: DVS measurements of the sample se-

ple series comparing moisture uptake of PIs with dif- ries comparing moisture uptake of PIs with differ-

ferent imide fractions. Samples having lower imide ent imide fractions following the refined method.

fractions exhibit lower moisture uptake. Samples having lower imide fractions exhibit lower
moisture uptake.

PIs based on PMDA could only form straight polymer chains, whereas rotational degrees

of freedom are only existent along the axis of biphenyl linkages within the diamines Bz
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and DATP. Moreover, as PMDA-pPDA, PMDA-Bz, as well as PMDA-DATP do not possess
any empirically detected T,,'**"'** alignment of the polymer chains during the chosen
curing conditions most probably did not take place,’*” while any entanglement of poly-
mer chains is hardly possible due to their rigid nature. Since the polymer chains did not
undergo any directional alignment when drop-casting the precursor material onto the
substrate as compared to spin-coating or tape-casting, '*> the PMDA-PIs must consist of
an agglomerate of randomly aligned, stiff polymer chains. In case of PMDA-pPDA this
macroscopically manifested in a very brittle material, which could manually be bent to
only a very small extent before bursting asunder. Although the samples of PMDA-Bz and
PMDA-DATP turned out to be surprisingly flexible, it was not assumed that these PIs’
polymer chains could in fact entangle, as they are known to be rigid-rod polymers. %
Their flexibility must therefore be solely due to the rotations possible along the diamines’
biphenyl linkages. All this would mean that the packing densities of these three PI sys-
tems must be quite similar. Therefore, the only factor left being the cause of differences
in moisture uptake observed for these PIs was in fact the difference between each ma-
terial’s fraction of imide moieties, while a lower fraction leads to lower uptake and vice
versa.

The reason for SBPDA-PIs showing a generally lower uptake could be found in the some-
what higher flexibility arising from the slightly kinked biphenyl linkage within this di-
anhydride, as sSBPDA-PIs have been shown to be quite linear but have two favored ro-
tational conformations along the biphenyl linkage of sBPDA.* Although fully straight
chains might pack more densely,*”'® tighter packing could be possible due to a higher
mobility of chains during the curing process at 400 °C, a temperature which is above the
T, of sSBPDA-pPDA. '*>!%>1%" Moreover, since the polymer chains could not align during
manufacturing, the slightly more bent structure of the sSBPDA-PI chains will lead to a
higher degree of polymer-chain entanglement, whereas PIs based on PMDA could only
form straight polymer chains, which most probably will not have any preferred orienta-
tion. This entanglement could in this case eventually lead to a decrease in free volume
within the PI bulk, as compared to randomly distributed, fully straight polymer chains,
which could result in lower moisture uptakes for sBPDA-PIs compared to PMDA-PIs,
since lowering the free volume of a PI decreases the amount of sites water molecules
could occupy. ! In addition to that, the effect of decreased moisture uptake after reduc-
tion of the material’s imide-moiety fraction could also be observed within the series of
sBPDA-PIs, meaning that these two effects could stack, rendering sSBPDA-DATP the PI

system with the lowest moisture uptake of this series. It has to be noted at this point
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that PIs possessing molecular structures being more kinked than the sSBPDA-PIs within
this series exhibited significantly increased moisture uptakes and diffusion coefficients,

as it will be demonstrated within the course of this chapter.
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Figure 4.4: Diffusion coefficients of the imide-fraction series obtained from fitting measurement data of
the refined method. The trends in diffusion coefficients did not follow the trends in fraction of imide
moieties.

When observing the results of the diffusion-coefficient calculations in figure 4.4, the
trends in diffusion coefficients turned out to be not as clear as it was for the moisture
uptake. The system PMDA-pPDA had the highest average diffusion coefficient (Dyyg)
of 1.22-10° cm?s™ (taking into account all sorption stages), which means that gaseous
water penetrated the PI material the quickest among all PIs within this series. In order
of decreasing D,y,, the second system was sSBPDA-Bz (Dyy= 7.69-10"" cm?®s™), closely
followed by PMDA-Bz (D,ye= 6.71:10"° cm®s™), PMDA-DATP (D,y,= 5.70-10" cm®s™),
and sBPDA-DATP (Dyye= 5.45-10"° cm®s™). With D,y,= 3.59-10"° cm®s™, sBPDA-pPDA
exhibited not only the lowest diffusion coefficients within this series but even of all
systems characterized within this thesis. Contradicts assumption that more tight pack-
ing automatically is responsible for lower absolute moisture uptake (or that the more
biphenyl linkages, the better the packing is). Interestingly, all throughout this sample
series, each sample’s absorption stages tend to give a significantly higher D than for the
desorption stages. According to DENTON et al., this asymmetry in the diffusion coefli-
cients is due to their concentration dependence, "which is typical in high polymers".**!
However, throughout this study this behavior could only be observed in PIs containing
no heteroatoms outside the imide moieties and no side groups attached to the aromatic
backbone, while this effect also vanishes with increasing the degree of aromatic fluorine

substitution.
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4.3.2 Perfluorinated Segments within PI Backbone

The measurement series presented within this subsection aimed for shedding light on
how substitution of hydrogen atoms with fluorine atoms attached to aromatic segments
within the PI backbone structure affects the PIs’ moisture sorption behavior. Generally,
fluorinated PIs are known to be more hydrophobic.'***? This hydrophobicity is gener-
ally attributed to the fact that the C-F bond exhibits a severely low polarizability, due to

19219 which significantly reduces the

these atoms’ high difference in electronegativity,
probability of van-der-Waals interactions with water molecules.'**

While perfluorinated, aromatic dianhydrides are commercially not available at all, per-
fluorinated diamines or diamines containing a high number of aromatic fluorine-substitu-
tion sites are, although their availability is somewhat limited.'® Octafluorobenzidine
would have been a great fit for a comparison between non- and perfluorinated monomers
in PIs, but it is known that this diamine’s reactivity is so low, one can not prepare con-
tinuous PI films from it.'*® This non-reactivity is due to a strong positive inductive ef-
fect caused by a high number of adjacent fluorine atoms, severely lowering the amines’
nucleophilicity and therefore inhibiting acylation reactions necessary for PAA and PI
formation. '*>!71% Instead, it was found that the diamine 4,4’-bis(4-aminophenoxy)octa-
fluorobiphenyl (8FAPBP) (synthesis described in appendix B.2) was a perfect candidate
for this study, as (i) it has got a fully fluorinated biphenyl center which (ii) does not
compromise the reactivity of its amine functionalities due to their distance to the flu-
orination sites, (iii) its synthesis is quite facile and (iv) it’s non-fluorinated counterpart
4,4’-bis(4-aminophenoxy)biphenyl (APBP) is commercially available. In the PI system
PMDA-8FAPBP approx. 44 % of all possible sites in the repeating unit’s structure (8 out
of 18) are fluorinated. In 1991, MERCER and GooDMAN already aimed on comparing the
sorption behavior of two PIs containing APBP and 8FAPBP, respectively, polymerized
with PMDA, but did not obtain continuous films of each PI due to embrittlement of the
material upon curing.

Initially, two specimens of each PMDA-APBP and PMDA-8FAPBP, each specimen hav-
ing a molar amount of PI-repeating units of 6.6 umol, were analyzed following the first
measurement method described in 4.2.1. In order to keep comparability between these
and the samples of PMDA-Bz, BPDA-pPDA and all PI systems following in later sections
of this study, specimens with 10 pmol of PI were prepared and analyzed following the
refined measurement method. This method consisted of an initial drying step at 0 ZRH

for 330 min, followed by an absorption step at 20 %RH for 180 min, which again was fol-
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lowed by a desorption step at 0 %RH for 330 min, a second absorption step at 50 %ZRH for
510 min and a final absorption step at 85 %RH for 630 min, each followed by desorption
steps at 0 %ZRH for 390 min.

As it can be seen in both figure 4.5 and figure 4.6 the relationship between RH and mois-
ture uptake again is quite linear for all samples, while both methods gave quite similar
results despite their differences in sample amount and therefore in thickness and sur-
face to volume ratio. At targeted 85 %RH, PMDA-APBP exhibited a moisture uptake of
2.4 wt%, while PMDA-8FAPBP had a significantly lower uptake of 1.2wt% (cf. figure
4.6). The fact that the fluorinated PI-system took up only half as much water as the
non-fluorinated did confirms the expected increase in hydrophobicity when incorporat-
ing diamines with aromatic fluorine substitution sites. It has to be noted that the mass
uptake in per cent naturally refers to a higher sample mass in case of PMDA-8FAPBP,

since the molecular mass of this PI's repeating unit was higher.
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Figure 4.5: Initial DVS measurements of the sam-
ple series comparing moisture uptake of isomeric
PIs being non-fluorinated and having perfluorinated
segments, respectively. Flourinated samples exhibit

Figure 4.6: DVS measurements of the sample se-
ries comparing moisture uptake of isomeric PIs be-
ing non-fluorinated and having perfluorinated seg-
ments, respectively, following the refined method.

The flourinated sample exhibits a lower moisture up-
take.

lower moisture uptake.

The results of the diffusion-coefficient calculations (cf. figure 4.7) show a quite oppo-
site trend: The fluorinated PI-system PMDA-8FAPBP has a significantly higher Dy,
(2.56-10°° cm®s™") than the non-fluorinated system PMDA-APBP (D,y,= 1.32:10° cm®s™).
This means that the fluorinated PI takes up less water but at the same time this water
can penetrate the material at a higher rate. The reason for the differences in D, is most
probably to be found in the differences between each PI's chain-packing ability. On one
hand there are indications derived by theoretical models that the "fluorination of aro-
matic carbon in the main chain does not cause obvious effects on chain packing",'*® and

when observing the crystal structure of the 8FAPBP-precursor molecule, the dihedral
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angle within the perfluorinated biphenyl center is rather small in equilibrium compared
to non-fluorinated biphenyl derivatives,'* which could lead to the assumption that in-
terchain 7-7 stacking might be facilitated in case of the fluorinated diamine. On the
other hand, there are convincing hypotheses which contradict the aforementioned as-
sumptions and are capable of explaining the higher values for D, in case of the flu-
orinated PI: Since fluorine’s ionization potential is among the highest of all atoms, the
electron dipole and therefore the van der Waals attractive forces between the perfluo-
rinated moieties should be rather small.'”® Moreover, since fluorine atoms have larger
van der Waals radii than hydrogen atoms, interchain 7-7 stacking could be slightly in-
hibited.'?*!?”> Most of all, as fluorine strongly withdraws delocalized electrons from aro-
matic rings,?” these electrons’ participation in interchain -7 stacking is inhibited and
therefore interactions between PI backbones are decreased.*” This leads to an increased
mobility of the polymer chains, which is already known to increase diffusion coefficients

201202 and which was assumed to be the reason

of gases in several fluorinated polymers,
for the observed increase in D,,, within this study. Interestingly, both PIs exhibited diffu-
sion coefficients, which were up to two orders of magnitude higher than the ones found
in 4.3.1. This is clearly due to the bridging oxygen atom within the PI backbone, as the
resulting structural bending generates a big deal of intermolecular free volume,'® and
therefore severely facilitates permeation of water throughout the material. The same

effect was observed in most cases of bridging oxygen along the PI backbone during this

study, as it can be seen in the following sections.
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Figure 4.7: Diffusion coefficients of the non- and perfluorinated samples obtained from curve-fitting to
measurement data of the refined method. The fluorinated sample exhibits increased diffusion coefficients.
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4.3.3 Fluorination and Connectivity: Phenylenediamine

Since it was shown in the previous section that perfluorinated segments have a signif-
icant impact on the moisture sorption behavior of Pls, this measurement series origi-
nally aimed for a stepwise increase in number of fluorinated sites in 1,3-phenylenedi-
amine (mPDA) throughout a series of PIs in order to investigate if partial fluorination
of PI-backbone segments allows for gradually tuning PIs’ moisture sorption behavior.
However, all attempts to synthesize di- and trifluoro derivatives of mPDA compounds
from their dinitro precursors were not successful. Instead, only 4-fluoro-mPDA (1Fm-
PDA) and 2,4,5,6-tetrafluoro-mPDA (4FmPDA) were employed as fluorinated diamines
for PI synthesis in this study, since these two diamines were available commercially.
The two fluorinated PIs were compared to PIs containing mPDA as non-fluorinated di-
amine component, while this also allowed for comparing these to PIs containing pPDA,
as a change from para- to meta-connectivity in the structural backbone might lead to
significant differences in terms of moisture sorption behavior. Fluorinated derivatives
of pPDA were not taken into consideration for this study, since 4FpPDA was expected
to be not reactive enough for manufacturing continuous PI films,'” and due to the low
availability of other fluoro-pPDA derivatives. It was observed previously that the con-
version of PAAs containing only PMDA and mPDA as monomers into PIs did not yield
continuous PI films, due to severe embrittlement of the materials upon curing. There-
fore, sSBPDA was chosen as dianhydride throughout this measurement series. This di-
anhydride contains a biphenyl linkage, which provides a certain degree of rotational
flexibility along the biphenyl axis and therefore allowed for manufacturing of contin-
uous PI films containing mPDA and its derivatives. For a preliminary measurement
series, two specimens per PI system have been analyzed, whereas results of three mea-
surements of BPDA-pPDA from subsection 4.3.1 were included in this comparison. For
the refined method including less steps and longer exposition times, again, one speci-
men per PI system was analyzed. Both series show similar trends of sorption behavior
for the PIs analyzed. Comparing sBPDA-pPDA and sBPDA-mPDA displays the severe
impact varying the arene substitution pattern within a PI's backbone structure has on
the sorption behavior: While sBPDA-pPDA exhibits a moisture uptake of 1.3 wt% and
Dy of 3.59:10% cm?s™!), SBPDA-mPDA exhibits a more than doubled moisture uptake
of 3.8 Wt% and D,y of 5.67-10° cm?s™, which differs more than one order of magnitude.
This strong increase in uptake and D,,, in the SBPDA-mPDA system was most likely

due to the inherently more bent structure arising from the meta position in which each
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dianhydride is attached to the diamine within each repeating unit of this polymer. This
bent structure most probably led to a significantly increased free volume within the
material, offering sites for increased accumulation and facilitated penetration of wa-
ter molecules into the material.™>*'*! Including sBPDA-4FmPDA into this comparison
shows that the perfluorinated segment (which is the diamine) partially compensates for
the increased moisture uptake, which in this case is 2.8 wt% and lies between the two
previously mentioned systems. But, similarly to the comparison in section 4.3.2, segmen-
tal perfluorination of the PI backbone again seems to increase the diffusion coefficients
(Davg= 1.94-10°® cm®s™) significantly. It has to be mentioned that the fraction of fluori-
nated sites within the aromatic backbone in sSBPDA-4FmPDA is 40 %, which is less than
in PMDA-8FAPBP (44 %). In the system sBPDA-1FmPDA, only one of four possible sites
within the diamine is fluorinated. Here, the trend is slightly different, since the diffusion
coefficients (D,y,= 8.21-10” cm?®s™) are -as expected- slightly increased as compared to
sBPDA-mPDA, whereas the moisture uptake (4.0 wt%) is slightly increased as well. This
could mean that such a low degree of fluorination (10 %) already increased the free vol-
ume of the polymer significantly, but did not sufficiently increase the PI's hydrophobicity

to compensate for that, leading to an simultaneous increase in water uptake.
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Figure 4.8: Initial DVS measurements of the sample Figure 4.9: DVS measurements of the sample series

series comparing moisture uptake of PDA-derivative comparing moisture uptake of PDA-derivative PIs

PIs with different arene substitution patterns and with different arene substitution patterns and with

with partial fluorination. Kinks from meta connec- partial fluorination following the refined method.

tivities increase moisture uptake, whereas fluorina- Kinks from meta connectivities increase moisture

tion partially decreases moisture uptake. uptake, whereas fluorination partially decreases
moisture uptake.
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Figure 4.10: Diffusion coefficients of non- and perfluorinated PI samples obtained from curve-fitting to
measurement data of the refined method. Kinks from meta connectivities increase diffusion coefficients,
whereas fluorination increases them even more.

Samples of sSBPDA-mPDA, sBPDA-1FmPDA, and sBPDA-4FmPDA, when measured with
the refined method, were subject to an initial drying step for 330 min at 0 %ZRH, followed
by an absorption step at 20 %ZRH for 180 min, which was followed by a desorption step
at 0 %ZRH again for 330 min, a second absorption step at 50 ZRH for 510 min and a fi-
nal absorption step at 85 %RH for 630 min, each followed by desorption steps at 0 %RH
for 390 min. Sample sBPDA-pPDA was subject to a prolonged measurement of 116 h,

simultaneously analyzing two specimens, as specified in section 4.3.1.

4.3.4 Backbone Connectivity: PMDA-m/pPDA

Comparing the PI systems PMDA-pPDA and PMDA-mPDA would pose an intriguing
study, since their imide mass fraction is identical, but their morphological outcomes
could hardly be more different: whereas PMDA-pPDA could only form straight polymer
chains, PMDA-mPDA could only form a somewhat helical structure. Several attempts
on manufacturing a continuous film of pure PMDA-mPDA did not lead to a satisfying
outcome, due to extreme embrittlement of material upon curing. Nonetheless, a film
sample of a statistical co-PIs containing 30 % mPDA and 70 % pPDA could be manufac-
tured. For reasons of comparability, dosage of PAA during manufacturing was aimed
to have a dry weight of cured PI similar to the samples of PMDA-pPDA. The relatively
large fraction of randomly distributed meta substitutions led to a PI consisting of rather
stiff but bent polymer chains, which would -due to their non-linearity- most probably
not be able to align with high symmetry and therefore give rise to a significant fraction

of free volume within the material. As expected, the increased free volume in the co-PI
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system PMDA-[0.3-mPDA+0.7-pPDA] was reflected in both an increased water uptake
of 5.9 wt% and an increased D, 0f 7.24-10” cm?s™, and confirmed the observations from

section 4.3.3.
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Figure 4.11: DVS measurements of the sample se- Figure 4.12: Diffusion coefficients of PMDA-
ries comparing moisture uptake of PMDA-m/pPDA m/pPDA PIs obtained from curve-fitting to measure-
PIs following the refined method. Kinks from ment data of the refined method. Kinks from meta
meta connectivities increase moisture uptake signif- connectivities increase diffusion coefficients signifi-
icantly. cantly.

The PIsample of PMDA-[0.3-mPDA+0.7-pPDA], when measured with the refined method,
was subject to an initial drying step for 330 min at 0 %RH, followed by an absorption
step at 20 %RH for 180 min, which was followed by a desorption step at 0 %RH again for
330 min, a second absorption step at 50 %ZRH for 510 min and a final absorption step at
85 %RH for 630 min, each followed by desorption steps at 0 %ZRH for 390 min (similarly to
section 4.3.3). Sample sBPDA-pPDA was subject to a prolonged measurement of 116 h,

simultaneously analyzing two specimens, as specified in section 4.3.1.

4.3.5 Backbone Connectivity: Oxydianiline

The study of the effect of meta connectivities within the PI backbone was extended to
the two isomeric PI systems PMDA-sODA and PMDA-aODA containing the diamine
4,4’-oxydianiline and 3,4’-oxydianiline, respectively. The first one is generally known
under the trademark name KapToN and represents the industrially and academically
most popular PI, whereas the latter is comprised of the same dianhydride but with an
asymmetrical isomer of the diamine, resulting in a meta connection between this PI's
repeating units. Since both PIs contain an ether linkage in their backbone, they can be
referred to as polyetherimides (PEIs). PMDA-sODA exhibited a water uptake of 3.2 wt%
and D,y of 5.68:10” cm®s™, whereas PMDA-aODA exhibited an uptake of 3.0 wt% and

D,y of 2.69-107 cm®s™. Both systems showed a significant increase in both uptake and
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D,z when comparing them to the previously discussed systems PMDA-Bz and sBPDA-
pPDA, which probably arised from the effect the ether bridge might have had on the
sorption behavior. It was not clear if this increase in water uptake could be attributed
to the increased polarity arising from the ether oxygen present in the backbone, since
information on its role in interaction with water is contradictory: While there are indi-
cations that water molecules "are more associated" with such ether linkages,'* recent
infrared-spectroscopic studies combined with molecular-dynamics simulations "demon-
strated that their interaction with water was negligible, if present".*”

Nonetheless, one possible reason seemed to be the increased rotational flexibility of the
PIchains enabled by the ether linkage resulting in a higher fraction of free volume within
these PEIs, into which water (and solvent) molecules could penetrate more freely.!®?
Comparing the diffusion coefficients of both samples, it was noteworthy that PMDA-
aODA exhibited a D, almost two orders of magnitude higher than that of PMDA-sODA,
and which in fact represented the highest D, of all PI systems discussed within this the-
sis. Since the water uptake did not differ much at all, and PMDA-aODA even showed
a slightly lower uptake than PMDA-sODA, this tremendous difference in D,,, might
not be exclusively attributed to the differences in free volume of the PIs. While some re-
searchers explain their findings on the lower gas diffusivity in 3,4’-oxydianiline PIs com-
pared to 4,4’-oxydianiline PIs by a presumably lower chain mobility in solid state due to
steric hindrance of rotations in case of the meta derivative,?’*?* it has to be noted that
PIs containing said meta derivative generally exhibit a drastically lower T, compared
to Pls containing the para derivative.!**?** This difference could imply a generally in-
creased chain mobility *°%%” for PMDA-aODA compared to PMDA-sODA and therefore
could offer an explanation for the increased water diffusivity. Another possible explana-
tion could be that segments within a single PMDA-aODA chain can assume a somewhat
helical conformation, which might offer local channels for facilitated diffusion of water

molecules and thereby enhance macroscopic permeability of water (cf. Figure 4.13).
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Figure 4.13: Possible conformation of a ten-repeating-unit segment of the PMDA-aODA system. Auto-
mated force-field optimization within the Avogadro?®® visualization software (version 1.2.0) clearly shows
that a rather tight helical structure can exist within a single polymer chain of PMDA-aODA.

MovyLAN et al. compared these two PI systems with respect to their water sorption be-
havior already in 1991, but obtained results highly contrary to the findings of this study:
PMDA-sODA was found to show a lower water uptake and a higher diffusivity than
PMDA-aODA, although the discrepancies between these and this thesis’ results might
be due to the fact that samples in their study were spin coated and only approx. 2 um in
thickness, which resulted in "substantially more in-plane orientation than that of thicker
films" and made the results hardly comparable.’” In 1999, Sko et al. found no signifi-
cant differences in the water sorption behavior of both PI systems (spin-coated films of

10 - 14 um thickness) at all.?*
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Figure 4.14: DVS measurements of the sample se- Figure 4.15: Diffusion coefficients of PMDA-
ries comparing moisture uptake of PMDA-s/aODA s/aODA PIs obtained from curve-fitting to measure-
PIs following the refined method. Differences in ment data of the refined method. Kinks from meta
molecular structure of the PIs do not reflect in mois- connectivities increase diffusion coefficients signifi-
ture uptake significantly. cantly.

Samples of PMDA-sODA and PMDA-aODA were subject to an initial drying step for
330 min at 0 %RH, followed by an absorption step at 20 ZRH for 180 min, which was
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followed by a desorption step at 0 %RH again for 330 min, a second absorption step at
50 %RH for 510 min and a final absorption step at 85 %RH for 630 min, each followed by
desorption steps at 0 %ZRH for 390 min.

4.3.6 Backbone Connectivity: Bis(4-aminophenoxy)benzene

To further investigate the effect of meta-substitution patterns in the PI backbone, two ad-
ditional PI systems containing 1,4-Bis(4-aminophenoxy)benzene (pBAPB) and 1,3-Bis(4-
aminophenoxy)benzene (mnBAPB), respectively, were synthesized and analyzed. Both di-
amines consist of three benzene rings connected by two ether linkages, while in mBAPB
the two ether moieties are in meta position to each other on the central benzene ring.
PMDA-pBAPB exhibited a moisture uptake of 2.5 wt% and D,y of 8.04:10” cm®s™, while
PMDA-mBAPB had a significantly decreased uptake of 1.2wt% and an only slightly
lower D,,, of 6.33-10° cm®s™". It has been postulated by MADZAREVIC et al. in 2018
that PMDA-pBAPB had a structure similar to PMDA-sODA, and should therefore have
a similar fraction of free volume, whereas a prominent kink in the backbone as found in
mBAPB led to inhibited chain packing and therefore to increased free volume.?'* How-
ever, this sorption study found that the values for moisture uptake of PMDA-pBAPB
were slightly lower than that of PMDA-sODA, whereas PMDA-mBAPB had an uptake
of less than half of its isomeric system, which was not congruent with the assumption
of a higher fraction of free volume. Moreover, D,,, of PMDA-mBAPB was the one very
close to that of PMDA-sODA, while PMDA-pBAPB exhibited slighly higher D,,,. The
observed trends could only be explained by a somewhat higher degree of entanglement
due to its more kinked structure and thereby tighter packing of PMDA-mBAPB. An in-
creased mobility of the polymer chains within its structure, which can be suspected from
its lower T, compared to PMDA-pBAPB,"**!! would in turn facilitate the diffusion of
moisture to some extent, making the differences in D,,, less pronounced than they were

in the moisture uptake.
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Figure 4.16: DVS measurements of the sample se- Figure 4.17: Diffusion coefficients of PMDA-
ries comparing moisture uptake of PMDA-p/mBAPB p/mBAPB PIs obtained from curve-fitting to mea-
PIs following the refined method. The meta deriva- surement data of the refined method. Differences in
tive exhibits significantly decreased moisture up- molecular structure of the PIs do not reflect in diffu-
take. sion coefficients significantly.

Samples of PMDA-pBAPB and PMDA-mBAPB were subject to an initial drying step for
330 min at 0 %RH, followed by an absorption step at 20 %RH for 180 min, which was
followed by a desorption step at 0 %RH again for 330 min, a second absorption step at
50 %RH for 510 min and a final absorption step at 85 %RH for 630 min, each followed by
desorption steps at 0 %ZRH for 390 min.

4.3.7 Bulkiness of Connecting Moiety

Since the commercially available diamine bisaniline P (4,4’-(1,4-phenylenediisopropyl-
idene)bisaniline, pBISA) seemed to be structurally similar to pBAPB, comparing the
previously analyzed PI system PMDA-pBAPB to PMDA-pBISA seemed promising. A
comparison between mBAPB and bisaniline M (4,4’-(1,3-phenylenediisopropylidene)-
bisaniline, mBISA) could not be made, since the PI system PMDA-mBISA did not yield
continuous PI films due to embrittlement upon curing the precursor. PMDA-pBISA ex-
hibited a D,y, of 3.43-10°® cm®s™, being approx. half an order of magnitude higher than
that of PMDA-pBAPB (cf. figure 4.19). This increase was most probably due to a some-
what more disrupted PI-chain packing resulting from both the increased bulkiness of
the isopropyl connectivities within the diamine segment and sharper angles between
the benzene rings connected by the isopropyl moieties leading to a slightly more kinked
polymer backbone, which is also expected to create more free volume by inhibiting ef-
ficient chain packing.?!® This assumed increase in interchain distance also reflects the
values for d-spacing obtained by WAXD measurements of 4.9 A for PMDA-pBISA as
compared to 4.6 A for PMDA-pBAPB. While this increased free volume of PMDA-pBISA
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could explain the facilitated diffusion of water into the material, it did not explain the
slightly decreased uptake of water (2.2 wt%) of this system (cf. figure 4.18), as it was
expected to increase as well. A possible explanation for this behavior could be found in
the lower polarity of the isopropyl moieties compensating for the higher free volume by
offering less sites of interaction with water molecules than the ether moieties would do

in case of PMDA-pBAPB.
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Figure 4.18: DVS measurements of the sample se- Figure 4.19: Diffusion coefficients of structurally
ries comparing moisture uptake of structurally sim- similar PIs obtained from curve-fitting to measure-
ilar PIs with different degrees of connecting-moiety ment data of the refined method. The bulkier PI
bulkiness following the refined method. The bulkier, PMDA-pBISA exhibited significantly increased dif-
but less polar P PMDA-pBISA exhibited slightly de- fusion coefficients.

creased moisture uptake.

Samples of PMDA-pBAPB and PMDA-pBISA were subject to an initial drying step for
330 min at 0 %RH, followed by an absorption step at 20 %RH for 180 min, which was
followed by a desorption step at 0 %RH again for 330 min, a second absorption step at
50 %RH for 510 min and a final absorption step at 85 %ZRH for 630 min, each followed by
desorption steps at 0 %ZRH for 390 min.

4.3.8 Effects of Side Groups: PMDA PIs

Intrigued by the effect the bulkiness of a linking moiety in the PI backbone had on
the sorption behavior, investigating effects of bulky pendant side groups in an oth-
erwise fully straight PI chain seemed promising. Therefore, a series of PIs consist-
ing of PMDA as dianhydride combined with benzidine and three of its commercially
available derivatives, namely 2,2’-dimethylbenzidine (m-tolidine, mDMBz), 2,2’-bis(tri-
fluoromethyl)benzidine (mTFBz), and 3,3’-dimethoxybenzidine (o-dianisidine, oDIAN),
were synthesized and subject to DVS measurements. All these PIs consisted of a fully

straight polymer backbone, while the three benzidine derivatives contributed pendant
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side groups of varying chemical composition and bulkiness, which allowed for separat-
ing possible side-group effects from other structural features such as backbone kinks. Al-
though oDIAN had its aromatic substituents in a position adjacent to the amino groups,
it was used despite a slight lack in comparability to mDMBz and mTFBz, since its meta
derivative was not available. As it can be seen in figure 4.20, PMDA-Bz exhibited a
moisture uptake of 2.1 wt% (already presented in 4.3.1), while the introduction of methyl
moieties in case of PMDA-mDMBz led to a highly increased uptake of 3.4 wt%, most
probably due to a significantly increased free volume of the PI resulting from the bulk-
iness of the methyl moieties leading to looser molecular packing.'®® This also reflected
in the significant increase of D,,, from 6.71-10"° cm®s™ for PMDA-Bz to 3.59-10” cm®s™
for PMDA-mDMBz (cf. Figure 4.21), meaning that the pendant methyl groups led to
both an increased uptake and diffusion velocity. Although fluorine atoms are not much
larger than hydrogen atoms, trifluoromethyl moieties are significantly more volumi-
nous than methyl moieties,'” causing the PI system PMDA-mTFBz to exhibit a D, of
2.62-10°® cm?s™, which was approx. one order of magnitude higher than that of PMDA-
mDMBz and the highest within this series. Here, the trifluoromethyl groups again in-
creased the free volume of the PI and inhibited efficient chain packing even more than
methyl groups did.'** Interestingly, this effect did not reflect in the moisture uptake of
PMDA-mTFBz at all. With 1.9 wt%, it even showed a lower uptake than PMDA-Bz, ren-
dering it the PI system with the lowest uptake within this series. This could only mean
that the fluorine atoms decreased the overall polarity of the PI, making it less prone
to interact with water molecules, while at the same time the bulkiness of the trifluo-
romethyl groups severely facilitated their diffusion throughout the material. PMDA-
oDIAN exhibited the highest moisture uptake of 3.6 wt%, while on the other hand D,,
(5.60-10”° cm?s™!) was only slightly higher than that of PMDA-mDMBz. It has been found
by TERuI et al. that the pendant methyl groups of the mDMBz monomer cause the
molecular packing in PIs to be more loose than in analogous PIs containing dianisidine
monomers, despite the methoxy substituents being more voluminous than methyl sub-
stituents.'®® This would explain the low difference in D,,, of PMDA-0DIAN as compared
to PMDA-mDMBz, as the free volume within this PI might even be slightly smaller than
in PMDA-mDMBz due to tighter chain packing, counteracting the effect of increased
volume of the methoxy substituents. Only considering this effect, the moisture uptake
of PMDA-0DIAN could be expected to be very similar to that of PMDA-mDMBz as well.
Nonetheless, it exhibited a highly increased moisture uptake of 4.6 wt%, which most

probably resulted from the increased polarity contributed by the methoxy groups, offer-
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ing additional sites of interaction with water molecules, negating the assumed effect of
tighter chain packing. These trends in chain packing also reflected in d-spacing to some
extent: while it increased from 4.2 A for PMDA-Bz to 5.0 A for PMDA-mDMBz to 5.2 A
for PMDA-mTFBz, d-spacing for PMDA-oDIAN exhibited a value of 5.2 A, which was
higher than expected and thereby contradicted aforementioned assumptions regarding

the tighter chain packing of PMDA-0DIAN.
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Figure 4.20: DVS measurements of the sample se- Figure 4.21: Diffusion coefficients of PIs comprised
ries comparing moisture uptake of PIs comprised of benzidine-derivatives polymerized with PMDA
of various benzidine derivatives polymerized with obtained from curve-fitting to measurement data of
PMDA following the refined method. The bulkier the refined method. The increasing bulkiness and in-
and polar the side groups got, the more increased fluence on chain packing significantly increased dif-
this PI's moisture uptake, whereas fluorinated moi- fusion coefficients.

eties strongly reduced this effect.

All samples within this series were subject to an initial drying step for 330 min at 0 %ZRH,
followed by an absorption step at 20 %ZRH for 180 min, which was followed by a desorp-
tion step at 0 %ZRH again for 330 min, a second absorption step at 50 %ZRH for 510 min
and a final absorption step at 85 %RH for 630 min, each followed by desorption steps at
0 %RH for 390 min.

4.3.9 Effects of Side Groups: ODPA PIs

For another series of PIs, an approach analogous to 4.3.8 was chosen for comparing
the effects of pendant side groups, employing the same diamines as in the previous
study, all polymerized with a different dianhydride, namely 4,4’-oxydiphthalic anhy-
dride (sODPA). This dianhydride contained an ether linkage between both aromatic
anhydride moieties, thereby introducing a more flexible backbone into this compari-
son of PIs. The overall trends for moisture uptake and D,,, are quite similar to the

previous comparison employing PMDA as dianhydride. As it can be seen in figure
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4.22, sSODPA-0DIAN exhibits the highest uptake of 3.6 wt% due to increased free vol-
ume and increased number of polar sites for interaction with water molecules, closely
followed by sODPA-mDMBz with 3.4 wt%, while sODPA-mTFBz (1.4 wt%) and sODPA-
Bz (1.2 wt%) followed more distantly. While sSODPA-mDMBz exhibits the same value
as PMDA-mDMBz did (within an assumed measurement error), sSODPA-mTFBz showed
an uptake slightly higher than sODPA-Bz, meaning that the decreased polarity due to
the pendant trifluoromethyl groups is not sufficiently able to fully compensate for the
arising increase in free volume, probably due to this moiety’s lower fraction within the
repeating unit’s increased molecular weight (as compared to PMDA-mTFBz). Interest-
ingly, almost all of these systems exhibited moisture uptakes being smaller than that of
their analogs in 4.3.8. This observation is in sharp contrast to the overall increased val-
ues for D, in this sample series: Here, SODPA-Bz exhibited the by far lowest diffusion
coefficients (Dyyg= 9.97-10"'° cm®s ') within this series, while SODPA-mDMBz -analogous
to PMDA-mDMBz- showed a highly increased D,y of 1.09-10® cm®s™, again due to the
bulkiness of the pendant methyl groups affecting the free volume within this PI, thereby
greatly increasing both moisture uptake and diffusion velocity. In analogy to the PI con-
taining mTFBz in the previous study, sSODPA-mTFBz proved to have the highest D,, of
3.20-10"® cm?s™! within this series, while this value is only marginally higher than that of
PMDA-mTFBz. Here again, the trifluoromethyl groups increased the free volume of the
PI and inhibited efficient chain packing even more than methyl groups did.'** Apart from
this series’ highest moisture uptake, sSODPA-0DIAN exhibited a D,y of 7.45:10° cm®s™)
being slightly lower than that of SODPA-mDMBz, confirming the statements of TERUI
et al. regarding the tighter chain packing and resulting lower free volume of a 0 DIAN-PI
compared to an analogous mDMBz-PI (cf. section 4.3.8). Again, the trends in D, also
reflected in the values obtained for d-spacing, which increased from 4.5 A for sODPA-Bz
to 5.1 A for sODPA-mDMBz to 5.7 A for sODPA-mTFBz, while the oDIAN PI (sODPA-
oDIAN) again exhibited a value higher than expected by accounting for 5.3 A.

Comparing the results of this section’s PIs with the ones obtained from analyzing their
analogous PIs based on PMDA in section 4.3.8, it could be noticed that the PIs of the
sODPA series generally showed higher values for D,,, while exhibiting lower moisture
uptakes, despite being more polar due to the ether moieties they contained. Explana-
tions for this behavior could be found in analogy to the previous sections: As PIs based
on PMDA and benzidine derivatives were fully straight PI chains, they might not en-
tangle as well as their more flexible sSODPA analogues, leading to increased free volume

in case of the PMDA series and therefore higher moisture uptake (cf. section 4.3.1). Si-
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multaneously, the polymer chains of the sODPA PIs were more flexible and therefore
exhibited a somewhat increased chain mobility, which facilitated the diffusion of mois-
ture throughout the material (cf. section 4.3.5).

Interestingly, the measurement data of sODPA-0DIAN exhibited the by far biggest de-
viation from the simulated curves (cf. Appendix A.25) among all measurements. As it
can be seen in Figure A.65, the sample mass increased/decreased unusually slowly, but
still significantly, after a steep increase at the beginning of each sorption step and the
following center of curvature. This could indicate that this PI is swelling the most upon
exposure to moisture, while relaxation of segmental motions within this PI might be

rather slow. 172
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Figure 4.22: DVS measurements of the sample se- Figure 4.23: Diffusion coefficients of PIs comprised
ries comparing moisture uptake of PIs comprised of benzidine-derivatives polymerized with sODPA
of various benzidine derivatives polymerized with obtained from curve-fitting to measurement data of
sODPA following the refined method. The bulkier the refined method. The increasing bulkiness and in-
and polar the side groups got, the more increased fluence on chain packing significantly increased dif-
this PI’s moisture uptake, whereas fluorinated moi- fusion coefficients.

eties strongly strongly reduced this effect.

All samples within this series (except for sSODPA-Bz) were subject to an initial drying
step for 330 min at 0 %RH, followed by an absorption step at 20 %ZRH for 180 min, which
was followed by a desorption step at 0 %ZRH again for 330 min, a second absorption step
at 50 %ZRH for 510 min and a final absorption step at 85 %RH for 630 min, each followed
by desorption steps at 0 %RH for 390 min. The specimen of sODPA-Bz was subject to a
prolonged measurement in which each desorption step had a duration of 900 min and

each absorption step 1200 min.
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4.4 Conclusions

This chapter presented a method of preparation of PI films and thorough analysis and
comparison of their moisture-sorption behavior. Since these samples were drop-casted,
it was possible to manufacture PI films of defined amount of material, while retaining
highly similar specimen dimensions only varying in thickness in the micrometer range,
and therefore possessing comparable surface-to-volume ratios. This allowed for compar-
ison of a broad range chemical and structural features PIs can exhibit, while effects of
polymer-chain alignment arising from directional manufacturing methods (spin-coating,
tape-casting) such as increased crystallinity could be avoided. All samples were analyzed
utilizing the method of dynamic vapor sorption in order to determine their moisture up-
take, while the obtained experimental sorption curves were reasonably well fitted to
using a Fickian diffusion model, which allowed for retrieving diffusion coefficients as a
quantitative measure of diffusion velocity. It could be demonstrated in section 4.3.1 that
the imide moiety, the nexus between the monomers units defining the PI, itself had a
huge impact on the moisture uptake, as it is a polar one and therefore intrinsically offers
sites of interaction with water molecules. Simultaneously, it could be seen that slightly
more flexible chains seemed to improve chain packing compared to fully straight, stiff PI
chains and thereby lowered moisture uptake. Figure 4.24 gives an overview of all PIs in-
cluded in this comparison, showing both moisture uptake and D,,, while these PIs only
consist of benzene rings connected by imide moieties without any heteroatoms outside

of the imide groups.
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Figure 4.24: Two-dimensional map of all PI systems being comparable by having the same sample mass
per specimen, therefore allowing for comparison of differences in fraction of imide moieties.

Fluorination of the aromatic PI backbone led to accelerated diffusion of moisture in all
cases by decreasing interchain interaction, but simultaneously lowered the uptake of
moisture by lowering the overall polarity of the PI, if the degree of fluorination is high
enough (cf. section 4.3.2 & 4.3.3). Moreover, more kinked structures resulting from intro-
ducing meta-connected chain segments increased the polymer’s free volume and thereby
led to both an increased moisture uptake and diffusion velocity (cf. section 4.3.3 & 4.3.4),
although meta connectivities do not necessarily lead to more kinked structures (cf. sec-
tions 4.3.6 & 4.3.5). In section 4.3.7 it could be seen that increased bulkiness of connecting
moieties could also contribute to an increased free volume and thereby to an acceleration
of the diffusion process, while these moieties’ polarity also played a role in the overall
moisture uptake. Finally, a study comprising two sample series showed a severe impact
of pendent side groups attached to the PI backbone on both the moisture uptake and
diffusion velocity (cf. section 4.3.8 & 4.3.9). The more voluminous the side groups got,
the more both attributes increased due to increased interchain distance, whereas these
groups’ polarities again exhibited a regulating effect on the moisture uptake. Figure 4.25
gives an overview of all PIs of this study, which were comparable by having a molar

amount of approx. 10 pmol, showing both moisture uptake and D,y,.
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Figure 4.25: Two-dimensional map of all PI systems being comparable by having the same molar amount
of polymer per specimen, therefore allowing for comparison of differences in molecular structure with
constant fraction of imide moieties.

To conclude, several structural factors influencing the moisture sorption behavior of PIs
were found. With knowledge of such factors, PIs could be designed according to the
demands an intended application would have on the material’s sorption behavior. High
overall moisture uptake combined with slow diffusion or vice versa, or any combination
of both attributes could be achieved by the right choice of monomers to build a PI from.
As in microelectronic applications a combination of low uptake and slow diffusion might
be desirable in order to minimize the occurrence of corrosion, the choice of monomer
combination might tend to lead to the lower left region within figure 4.25. However,
the overview this study offered is far from being complete considering the vast amount
of monomers available and suitable for PI synthesis. Moreover, a direct comparison
of manufacturing methods in terms of film application might provide useful insights,
as directional alignment of PI chains would probably influence this material’s sorption

behavior significantly.

72



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

5. Thermogravimetric Analyses

5.1 Introduction

"Thermal stability is the capacity of the polymer to withstand well-defined thermal con-
ditions before degradation occurs."! In applications which require polymeric materials
to be particularly performant with regards to this materials property, PIs have been the
polymer class of choice for several decades. Especially aromatic polyimides withstand
high temperatures in harsh environments due to their mostly high degree of aromaticity,
mainly ring-containing molecular structures, and usually high packing densities, typi-
cally resulting in decomposition temperatures above 450 °C in air and exceeding 500 °C in
nitrogen atmosphere for brief intervals.? Among many others, such applications include
the use as inter-layer dielectric films in semiconductor devices during which they must
withstand a large number of essential high-temperature process operations,*? or as ad-
hesives in jet engines®® or as advanced composite matrices in other aerospace-related
applications.?'® In their extensive research on the thermal stability of Pls in the 1970s,
SazanNov et al. found that the decomposition behavior of PIs can not easily be assessed

214 since defects in the polymer

from analyzing their corresponding model compounds,
chain result in significant differences between values obtained for actual polymers and
those of ideal molecular units.?'**"> These defects could comprise fragments contain-
ing anhydride, amine, amide and carboxyl groups, which could remain from prepara-
tion or form later,?** since all these moieties are inherent to the monomers employed
for synthesis or to the PAA used as PI precursor, provided that the classical two-step
method of PI synthesis was employed. Among the mentioned moieties, amine groups
are the most prone to degrade via oxidization, which might result in a noticeable reduc-
tion in thermal stability of a PL.'**> In temperature ranges close to 500 °C, amine groups
could also react with carbonyl groups in imide moieties causing numerous consecu-
tive degradation processes including high-temperature hydrolysis of the imide rings,
facilitated by water molecules emerging from this particular reaction in both inert and
oxygen-containing atmosphere.?'* Moreover, pendant carboxyl groups possibly arising
from incomplete conversion of PAA to PI or from hydrolytic processes within the PI
pose significant weak spots in PI chains, since they can further participate in hydrolysis
of their immediate surroundings or even vanish through decarboxylation.?'* Generally,
decomposition processes are initiated and propagated by bond ruptures and based on

216,217

radical reactions, while a significant number of recombination reactions could be
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facilitated by enclosing of terminal radicals at the chain ends by their molecular envi-
ronment not allowing radicals to leave the reaction site (the so-called "cage effect").?!’
However, in the decomposition of a PI numerous processes are involved, most of them
occurring simultaneously, rendering the obtainment of structure-property relationships
quite complex,?%#'7 and kinetic calculations from thermal analysis obsolete. '8!

This thesis’ chapter nonetheless aimed for providing basic insights into the relationship
of structural features and thermal decomposition behavior and comparing the PIs ob-
tained by classical and hydrothermal synthesis in respect of thermal stability. It was
aimed for a high degree of comparability within all results by careful preparation of
PIs ensured by stoichiometrically precise use of purified monomers and highly uniform
curing conditions for both PI films and HT polymers (in order to minimize the afore-

mentioned defects), as well as providing highly uniform conditions of thermal analysis

for all samples.

5.2 Experimental Approach

5.2.1 Method of Measurement

For assessing the thermal stability of each sample within this thesis, thermogravimetric
analysis (TGA) was chosen. This technique exposes a sample contained in a furnace to
a certain gaseous atmosphere while scanning through a temperature range at a certain
rate and logging the sample mass detected by a microbalance. Several other parameters
such as temperature and flow rate of purge gas within the furnace are recorded as well,
each dependent on a time scale . The result of such a TGA measurement is classically
displayed in a so-called thermogravimetry (TG) curve, a two-dimensional plot, in which
the sample mass (mostly in wt% of original sample mass) is plotted as an ordinate against
the according temperature the sample was exposed to in that moment as abcissa. While
allowing for visual assessment of the analyzed sample’s thermal behavior, such a TG
curve might give the impression of being a rather simple mathematical function. How-
ever, it has to be noted that plotting the domain m against domain T does not represent a
function in a mathematical sense, since both domains are each dependent on the domain
t but not on each other, and therefore a single element of m is not a direct assignment
to an element of T.

All TGA measurements within this chapter were conducted on a Perkin-Elmer TGA 8000

thermogravimetric analyzer using open alumina sample pans. The samples analyzed ei-

74



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

ther consisted of cut pieces of PI films or of powder-like HT-PIs evenly distributed across
the sample pan’s bottom. Most samples had an initial mass between 2 mg to 10 mg (with
few exceptions broadening the range from 1.2 mg to 16.3 mg), while the average sample
mass was approx. 5.3 mg.

The heating programs ranged from 30 °C to 900 °C for samples analyzed in dry nitro-
gen purge gas and 30 °C to 800 °C for samples analyzed in dry air from a compressed
air supply line, each measurement employing a heating rate of 10 K min™ and scanning
rate of 2s™. In each case the purge-gas flow rate was 20 mls™. Unless stated otherwise,
for each sample type at least two (averaged) measurements were conducted in nitrogen
atmosphere and at least one measurement in air, which in some cases includes several
similar sample types per PI system.

These parameters were chosen considering general recommendations of ASTM E2550-
17 for thermal analysis of polymers via TGA:?*° heating rates between 10 Kmin™ and
20 K min™, sample mass of approx. 5mg and measurement temperatures ranging from
room temperature to 600 °C. Since most PI samples exhibited decomposition tempera-
tures close to the upper limit of this temperature range, the range was expanded to 900 °C.
One has to bear in mind that the occurrence of any thermal event within a TGA mea-
surement always depends on the heating rate applied and comparability among various
measurements strictly requires uniformity of heating rates. While recommending heat-
ing rates in TGA measurements below 10 Kmin, HERGENROTHER considered isother-
mal TGA being a better method to assess the thermal stability of a high-performance
polymer. For this method, high-performance polymer samples are kept at e.g. 371°C
(choosing this rather odd number goes back to the US aerospace and aircraft industries’
formal demands regarding polymer stability at 700 °F)?*! for several hundred hours while
their mass-loss behavior is compared.! This extraordinarily time-consuming method
was hardly applicable for the comparison of a wider array of PI systems, which this
chapter was intended to be, not to mention the repeating of measurements for ensuring
the reliability of results. Moreover, cross-linking reactions at high temperatures un-
duly influence the obtained results using this technique, which should be avoided.?**
Besides, the probably most useful way of assessing a polymer’s thermal performance in a
application-oriented sense would be measuring the retention of its physical/mechanical
properties when exposing it to its intended application conditions.! Moreover, it might
be criticized that "the TGA technique by itself is inadequate for reflecting the thermal
stability of polymers, since degradation reactions such as crosslinking or chain extension

could occur with [only] a small accompanying weight loss",?**> and one should rather re-
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fer to such data as "procedural decomposition temperatures".?** Nonetheless, due to its
versatility, simplicity and straightforwardness, TGA still represents the most common
and widely used method for determining the thermal stability of polymers and other

materials, 22%224-228

5.2.2 Retrieval of Results / Processing of Data

There are several well-established approaches to determining a polymer’s T4 utilizing
the TGA technique: ISO 11358-1:2020 recommended using extrapolated onset temper-
atures determined by the intersection of a tangent along the apparent mass baseline
before the event and one tangent along the decomposition curve placed at the point
of maximum decomposition rate within the decomposition gradient.?* This gradient is
depicted by the so-called derivative thermogravimetry (DTG) curve, in which the point
of highest decomposition rate (negative slope) is found at the minimum of this curve.
Traditionally, this DTG curve was displayed often times in a context of TGA measure-

ments in order to e.g. distinguish between overlapping and identifying minor mass-loss

225 230

events,“® or for compositional analysis of polymer blends.
As discussed in the previous section 5.2.1, the DTG curve can only be a differential quo-
tient of the function m(t) (but not of m(T)), since m is a direct assignment to ¢ but not to
T. However, since each element of ¢ can be assigned an discrete element of T, display-
ing a DTG curve (as "derivative") sharing an abscissa T with the TG curve is somewhat
justifiable. Furthermore, since the balance calibration for this TGA device intrinsically
used extrapolated onset temperatures of the curie points of several metals and alloys,
this method somewhat possessed its own rationale. Among other ones, the method of
extrapolated onset temperatures according to ISO 11358-1:2020 was included in the pro-
cessing of this thesis’ TGA data. It was realized by using a custom built LabTalk script
within OriginLabs OriginPro 2021 software received from Paul Jusner of BOKU in Tulln,
Austria. Here, each dataset’s series of values for m was smoothed via a local regression
method (locally weighted scatterplot smoothing, LOWESS span of 0.05), after which a
gradient against T was calculated in order to obtain the DTG curve, then tangents were
placed automatically along the TG curve at the corresponding points of the DTG curves’
global maximum (representing the initial baseline) and global minimum (representing
the maximum decomposition rate), and finally the corresponding value for T at their
intersection point was recorded. It should be noted that this only worked as intended in

TGA measurements in which the mass-loss event for PI decomposition was the by far
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most prominent one. Although the processing software included in the sale of the TGA
device allows for manually placing tangents along the TG curve in order to find extrap-
olated onset temperatures, one should refrain from doing so, as it allows for strongly
biased processing.

As another standardized method, ASTM E2550-17 recommended finding a decomposi-
tion onset temperature either by selecting a point on the mass-loss curve when a de-
flection from an established baseline is first observed (at a vertical zoom rate of 1% on
a graphical user interface), or when a deflection within a derivative thermogravimetry
curve is first observed.?*® This method required a completely steady baseline for the sam-
ple mass prior to a significant mass-loss event, which could hardly be observed in these
materials. Moreover, determining such a deflection by eye can not exclude human bias.
Additionally, it was shown that this point of initial mass loss is overly sensitive to pro-
cedural parameters and does not correlate directly with later decomposition stages.?*'®
Therefore, this method was discarded.

According to HERGENROTHER, a high-performance polymer’s thermal stability should
be assessed by determining the value of temperature at the sample’s 5% weight loss,
assuming that a neat polymer’s mechanical properties underwent a substantial reduc-
tion at this point.! This was the central method for assessing the thermal stability this
thesis’ PI systems. Although it is implied that 5 wt% mass loss refer to a sample’s initial
weight at the beginning of each measurement, this method was modified for this thesis.
In many cases minor, sometimes also quite continuous mass-loss events were observed
during a TGA measurement at lower temperatures before the main polymer decomposi-
tion event. These were most probably due to loss of absorbed water or residual solvent,
incomplete polymerization, pendant end groups in short chain segments decomposing or
reacting for further polymerization.'?*#?! Moreover, these mass-loss events are known
to account for more than 7 % of initial sample mass.?! Since they obviously did not
represent decomposition temperatures of the pure polymeric segments themselves they
were considered neglectable. Therefore, each measurement’s values at a precise 5.0 %
mass loss starting from 400.0 °C and 371.0 °C were recorded, assuming that the afore-
mentioned processes were complete and that the following mass-loss event represented
decomposition of the polymeric segments. In some samples the first mass-loss events
starting at approx 350°C due to decomposition of non-polymerized segments were so
prominent they overlapped with subsequent mass-loss events due to polymer decompo-
sition, rendering any values obtained for T4 invalid. Those measurements were therefore

discarded. In summary, the methods employed for assessing the thermal stability of all
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PI systems within this thesis included the 5 wt% mass loss starting from either 400.0 °C
(as Tqa400), or in few cases from 371.0 °C if the mass-loss events were too close to the
400.0 °C threshold (as T4371), the tangent-derived onset temperatures (Tgonset), but also
the temperature of highest decomposition rate (T4 m.x). For reasons of completeness the
char yield (CY) for samples measured in nitrogen atmosphere was included as well, rep-
resenting the mass percentage of carbonized residues at 900 °C, after all polymer-related
mass-loss events took place. It has to be noted that at temperatures higher than 900 °C
further reactions take place.?’® Comparisons of PI systems within the results section
were mainly done using T449 of measurements conducted in nitrogen atmosphere. It
turned out that T4t tended to overestimate T4 of samples measured in air, which was
due to the more pronounced steepness of the mass-loss curve after the decomposition
onset, leading to tangent intersections being found at significantly higher abscissa val-
ues compared to the samples measured in nitrogen atmosphere. Accordingly, T4 may for
measurements in air were found to be giving greatly increased values compared to nitro-
gen measurements as well. For this study, datasets of approximately 400 measurements
were used and processed, not including the ones discarded due to their invalidity. Struc-
tural formulae of all PI systems employed in the studies within this chapter are depicted

in appendix A.1 and A.2.

5.3 Results

5.3.1 Methods of Synthesis

This first section within the results of this study focused on the impact of synthesis
method on the thermal stability of the resulting material. For that, the most simple and
at the same time extremely stiff aromatic PI system was chosen, which was expected to
have a rather high thermal stability. Several samples of PMDA-pPDA (PPPI) were syn-
thesized by different methods as indicated by the "type" column of table 5.1. Film, HT
and MW samples represent samples synthesized classically into films, hydrothermally
polymerized monomer salt in an autoclave (64h, 200°C) and in a microwave reactor
(8h, 200 °C, 800 rpm stirring), respectively, all as described in chapter 3. NMP depicted
samples of monomer salt polymerized in refluxing N-methyl-2-pyrrolidone (NMP) at
approx. 200 °C for 20 h, and SSP solid-state polymerized monomer salt in a convection
oven overnight (200 °C). All samples were polymerized at 200 °C, except for the film sam-

ples, which were exposed to temperatures up to 400 °C. In all cases, Tq490 for samples
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measured in air was significantly lower than for the ones measured in nitrogen. This
behavior was expected, since it is known that the hydrolysis step in decomposition re-
actions is faster when oxygen is present.?* Moreover, the diamine components’ phenyl
rings are most vulnerable to thermo-oxidative degradation.?'” Both film and SSP samples
exhibited the lowest crystallinity of all samples within this comparison (cf. figure 5.1),
and at the same time highest char yields. It is known that PPPI particles obtained via
SSP of their monomer-salt precursor retain the shape of the monomer salt crystallites
to some extent.'”” These crystallites are naturally bigger than the ones found in HT-
PIs, which would mean that SSP-PPPI was more of a agglomerate of rather amorphous
PI product in which a fraction of the PI was not that much exposed to oxygen during
measurements in air, slightly approximating the obtained values for T4 to the values
of nitrogen measurements. A continuous film is very likely to isolate a fraction of its
polymeric segments from oxygen as well, which could explain why both SSP and film
samples exhibited the lowest differences in T4 between both purge gases. Similarly,
this effect of enclosing inner segments could also account for both sample types showing
the highest char yields, since less gaseous product could leave the decomposing mate-
rial until 900 °C were reached during the measurement. This enclosure somewhat might
have decreased the decomposition velocity to some extent, which would be consistent
with the fact that lower heating rates lead to significantly higher char yields in other
polymers.#*? Moreover, it could also explain the highest T4 4 of 639 °C for the SSP-PPPI
to some extent, although the film sample having a T4 of 620 °C seemed to contradict
this assumption. With a Ty 499 of 625 °C in nitrogen, HT-PPPI was the second most stable
PIin this comparison, although it has to be noted that its Ty onset 0f 638 °C was found to be
very similar to SSP-PPPL. Its high thermal resilience could be explained by this material’s
extraordinarily high crystallinity posing an additional energetic barrier in the process
of decomposition. However, MW-PPPI exhibited T4 being consistently lower (T4400 =
615 °C in nitrogen) when compared to HT-PPPI despite being similarly crystalline. This
could be explained by particle sizes being expected to be smaller in case of MW-PIs com-
pared to HT-PIs synthesized in autoclaves, since smaller particle sizes are known to be

resulting in lower thermal stability of polymers and other organic materials.?**72%
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Table 5.1: Thermal stability indicators for PMDA-pPDA PIs obtained from various meth-
ods of synthesis.

PI system type | purge Td,400 [OC] Td,onset [OC] Td,max [OC] CY [%]
N, 620 624 663 53
film
air 614 629 671
N, 600 631 665 43
NMP
air 566 614 658
N, 625 638 667 44
PMDA-pPDA | HT
air 592 624 660
N, 615 627 661 44
MW
air 580 610 659
N, 639 637 663 49
SSp
air 620 633 673

The PPPI samples obtained from refluxing NMP exhibit the lowest stability within this
comparison with a Tq400 0f 600 °C in nitrogen. This could be due to its comparably low
crystallinity combined with both rather small particle sizes and potentially low agglom-
eration resulting from the vigorous stirring of the reaction solution during synthesis.
The char yields obtained for HT-, MW- and NMP-PPPI were highly uniform, whereas
the char yields for film and SSP-PPPI were increased, as discussed above. Since it is
known that CO (CO; in air) is the first and most prominent gaseous product during PI
decomposition?*#7 and that nitrogen atoms rarely leave the decomposing material in
the temperature range applied,?'¢ the char yields presented in this thesis could not be
used for verifying the materials’ elemental compositions.

For most following comparisons both HT and film samples were analyzed. Some addi-
tional comparisons were done just using HT samples, due to the PI synthesis being more

facile and parallelizable when done hydrothermally in autoclaves.
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Figure 5.1: PXRD patterns of PMDA-pPDA PIs obtained from various methods of synthesis.

5.3.2 Linear Aromatic Polyimides

In analogy to the first comparison of moisture sorption behavior drawn in the previous
chapter 4.3.1, thermal stability was assessed (cf. table 5.2) for the same PI systems, both
as film samples and hydrothermally synthesized powders. Here several trends could
be observed, which held true for all following comparisons within this chapter: In all
cases except for PMDA-pPDA, HT samples generally give lower T4 as compared to film
samples. One explanation for this behavior might be found in the intrinsically higher
surface area of HT particles as compared to film samples, as for this reason smaller par-
ticle sizes are known to be resulting in lower thermal stability of polymers and other
organic materials.*** %3¢ This effect could also explain the increased differences in T4 490
between samples measured in nitrogen and the ones measured in air in case of HT sam-

ples. Although it was the case for most PI systems, HT samples exhibited a lower T 490
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when analyzed in air, which again might be due to the highly increased surface area
of HT particles offering more sites for thermo-oxidative degradation initiated by oxy-
gen.?®® Moreover, the gases which evolve from the decomposition reactions have to dif-
fuse through the sample in order to be removed by the purge gas,*** a process which
naturally is highly facilitated if the material consists of powder-like particles. Film-like
samples could temporarily enclose emerging gases and thereby retard the occurrence of
weight loss, which is the only reaction indicator in a thermogravimetric measurement,
and which could contribute to their increased values for Tg490 as well. Similarly to the
observations made in section 5.3.1, char yields for film samples were generally higher
than for HT samples, which again might be because of the minimally retarded heating
rates due to this enclosing leading to significantly higher char yields.

While in all results Tyonset in case of nitrogen purge gave values quite close to T4 400,
when measured in air the values for T onst Were significantly increased. This overesti-
mation was due to mass-loss events comprising more relative sample mass decomposing
in air measurements after the decomposition onset, since all material decomposed with-
out any residues. This resulted in a more pronounced steepness of the mass-loss curve,
leading to tangent intersections being found at much higher abscissa values and there-
fore to highly increased values for both T4 nset and T4 max compared to samples measured
in nitrogen atmosphere. Here again, for measurements of HT samples in air T4 opset gave
values exceeding the range of Ty400, While for all samples measured in air T4y, again
were extraordinarily high compared to Ty 49o.

For all film samples measured in nitrogen atmosphere T4 490 Were highly similar, as films
of PMDA-pPDA,sBPDA-pPDA and sBPDA-Bz exhibited a Ty499 of 620 °C and PMDA-Bz
of 618 °C, whereas both systems containing DATP, namely PMDA-DATP and sBPDA-
DATP exhibit slightly elevated Tg400 of 629°C and 625°C, respectively. The obtained
values for Tyonset from 609 °C to 626 °C and for Ty, from 643 °C to 663 °C in nitrogen
were quite close to each other as well. Moreover, for measurements of film samples
conducted in air, T4499 Were ranging from 614 °C to 632 °C, while values for T4 st Were
even more homogeneous ranging from 628 °C to 634 °C, but with Ty, being quite scat-
tered ranging from 665 °C to 756 °C (excluding PMDA-Bz, since this measurement has
not been done). This general homogeneity of primarily T4490 but also of Tg st clearly
showed that there was no obvious difference in thermal stability of these materials when
being continuous film samples. Similar observations regarding T4 for rigid-rod poly-

5,222 while associated researchers linked this

imides have been made by KoTon in 197

phenomenon to the presence of an undisturbed and efficient conjugation system within
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Table 5.2: Thermal stability indicators for various PIs bearing different fractions of imide
groups.

’ PI system ‘ type ‘ purge H Td,400 [OC] ‘ Td,onset [OC] ‘ Td,max [OC] ‘ Cy [%] ‘

o | N 620 624 663 53
air 614 629 671
PMDA-pPDA ur | N 625 638 667 44
air 592 624 660
film | N, 618 615 654 61
PMDABz [ | N 595 615 650 48
air 579 611 654
o | N 629 626 656 64
air 629 634 756
PMDA-DATP
N\ 598 572 661 55
air 560 598 656
o | N 620 609 647 62
air 619 629 729
SBPDA-pPDA ar | N 615 608 650 54
air 599 628 678
aim | Ne 620 612 643 64
air 628 628 665
SBPDA-Bz ar LN 611 610 648 56
air 600 627 678
o | N 625 615 647 66
air 632 636 743
SBPDA-DATP ur | N 584 578 622 49
air 572 611 652

these polymers.*'”**” Hence, the existence of biphenyl linkages within the PI backbone
could not be considered a disadvantage in terms of thermal stability. Moreover, the
slightly elevated values of T440 in both nitrogen and air for the DATP-containing PIs
might indicate a somewhat improved stability toward high temperatures possibly due
to their relatively high fraction of uninterrupted aromatic regions facilitating interchain
m-7 stacking.

However, the differences in T449 for HT samples in nitrogen were slightly more pro-
nounced. The PI systems which exhibited the highest Ty 490 as films, PMDA-DATP (T 4400
= 598°C) and sBPDA-DATP (Tg400 = 584°C) were among the lowest performing ones
when synthesized as HT PIs. This might be again due to DATP’s high fraction of aro-
matic rings, generally lowering its solubility, an effect which was observed when syn-
thesizing monomer salts from it: When combining corresponding monomer solutions in
acetone, precipitation occurred so quickly potential co-precipitation of monomers could

not be excluded. This effect was avoided by using tetrahydrofuran instead of acetone
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for dissolving monomers and their combination. However, since DATP might also have
a very low solubility in high-temperature water at 200 °C, it could mean that the PI par-
ticles emerging from respective HT synthesis might have been extraordinarily small,
leading to a highly increased surface-to-volume ratio and therefore to a lower thermal
resilience, compared to more soluble monomer combinations. This effect of quick precip-
itation was less pronounced but still recognizable when preparing monomer salts with
benzidine, which could offer a similar explanation for the relatively low performance
of these HT PIs as well. Interestingly, the hydrothermally synthesized PMDA-pPDA PI
turned out to be the only case, in which a HT PI was slightly more thermally stable
material than its film counterpart. An explanation could be found in the extraordinarily
high crystallinity of this material compared to the others, as the overcoming of energy
barriers for breaking crystal lattices might negate an effect of higher surface-to-volume

ratio which would otherwise lead to lower Tjy.

5.3.3 Meta-connectivites & Fluorination

While in the previous section only rather linear PIs were discussed, this section focused
on the influence of meta-linkages in the PI backbone on the thermal resilience of the
material, since these linkages’ effect on the moisture sorption behavior was tremendous
(cf. section 4.3.3) and indications toward lower thermal stability of meta connectivities
could be found in literature.?*! Simultaneously, effects of partial fluorination within the
diamine fraction of the PI backbone was investigated, finalized by a comparison includ-
ing perfluorinated central segments in analogy to section 4.3.2.

The first comparison was made between PIs composed of sBPDA polymerized with
pPDA, mPDA or fluorinated derivatives of the latter, while attempts to synthesize SBPDA-
4FmPDA hydrothermally did not seem to result in sufficiently polymerized samples.
Figure 5.3 shows that when introducing a meta kink into the PI backbone by polymeriz-
ing sSBPDA with mPDA instead of pPDA, all values of Tq 400 and T onset from both sample
types and purge gases decreased significantly. For film samples analyzed in nitrogen,
T 4400 dropped from 620 °C for sBPDA-pPDA to 597 °C for sBPDA-mPDA, whereas for
HT samples in nitrogen the drop was from 615 °C to 602 °C. Both T 490 and Ty onset of HT
samples of sSBPDA-mPDA were consistently higher than for film samples, which seemed
quite uncommon, but nonetheless they were quite close to each other. In analogy to the
reasoning in chapter 4.3.3, the intrinsically more kinked structure introduced by mPDA

could lead to a greater fraction of free volume within the material and therefore reduce
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the molecular interactions, such as interchain -7 stacking, which could result in a lower
thermal stability in case of sSBPDA-mPDA as compared to sSBPDA-pPDA.

Another possible explanation for this behavior could be found in a mechanistic aspect of
the decomposition reactions of these materials: As proposed by ZurRaAkOWSsKA-ORSZAGH
et al. in 1976 and Larus et al. in 1984, one of the two decomposition reactions being
the most likely to occur is the homolytic cleavage of the bond between one carbonyl
carbon atom and the amine nitrogen atom within the imide ring (the other one being
the homolytic cleavage of the N-C,4, bond adjacent to the imide ring).*”*** The imme-
diate result of this reaction would be a carbonyl radical and a nitrogen-centered radical,
both at the ends of the two resulting chain segments. The former is quite unstable and
dissociates under elimination of CO, rendering this reaction irreversible and quite likely
leading to a full split of the PI chain.?!” The nitrogen-centered radical on the other hand
could more easily be resonance-stabilized by its adjacent aromatic system. If another
amine functionality attached to the benzene ring in para (or ortho) position to the rad-
ical, this second amine could directly participate in statistically distributing the radical
position by offering more possible positions for the radical than an amine functional-
ity in meta position would (cf. figure 5.2). This would stabilize the radical and could
therefore retard further propagation of radical reactions, an effect which is prominently
utilized in e.g. Wurster’s radicals.?** This positive mesomeric effect of amine functional-
ities could not be utilized to that extent if these moieties were in meta position, offering
another possible explanation for the lower thermal stability of sSBPDA-mPDA compared
to sSBPDA-pPDA.

N+R3

@ 2L w 2O
Qe < - Q.

R2

Figure 5.2: Mesomeric stabilization of radicals during PI decomposition. Para substitution in case of
pPDA (A) resulted in improved stabilization compared to mPDA (B). Note that (A) includes an implicit
resonance structure not depicted here.

Introducing a fluorine-substitution site in case of sSBPDA-1FmPDA led to an increase in

T4.400 to 611 °C for films and a decrease to 582 °C for HT samples in nitrogen. The increase
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in case of film samples in nitrogen could indicate a slightly increased thermal stability
due to the strong C-F bond found in the PI backbone, although this effect should also be
visible in measurements in air, since the fluorine atom should reduce electron density
in the phenyl nucleus of the diamine component and therefore render it less prone to
thermo-oxidative degradation.?” Instead, T 4 of films of SBPDA-1FmPDA in air turned
out to be at only 598 °C, although Ty onset in air having 627 °C came close to that of sSBPDA-
pPDA films. Tg4490 of HT samples of sSBPDA-1FmPDA (582 °C in nitrogen) exhibited a
higher discrepancy from the value obtained for film samples than expected. This dis-
crepancy came close to those of DATP-based systems discussed in section 5.3.2, which
could be indicative of similar solubility issues. Since the decreased solubility of IFmPDA
compared to mPDA in water was already noticeable when preparing the hydrothermal
reactions, lower particle sizes and therefore lower thermal stability could be considered a
possible explanation for this behavior. For films of sSBPDA-4FmPDA both values of T 490
are quite similar, while both were very close to the ones for sSBPDA-mPDA, merely T4 onset
of sSBPDA-4FmPDA (and sBPDA-1FmPDA) came quite close to sSBPDA-pPDA. This could
on one hand mean that fluorination sites on the PI backbone did not obviously influence
the material’s thermal stability. On the other hand there could be a possibility of effects
of increased thermal resilience due to aromatic fluorination sites being compensated by
shorter chain segments due to the fluorine atoms negative inductive effect lowering the
reactivity of the diamines. Shorter chain segments could result in a higher fraction of
terminal functional groups that could degrade more easily and therefore cause a lower
thermal stability of the material.!'®> However, the effect of partial fluorination of the PI

backbone on thermal stability seemed rather inconclusive at this point.
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Table 5.3: Thermal stability indicators for PIs from sBPDA and various PDA derivatives.

PI SYStem type purge Td,400 [OC] Td,onset [OC] Td,max [OC] CY [%]
N, 620 609 647 62
film
air 619 629 729
sBPDA-pPDA
N, 615 608 650 54
HT
air 599 628 678
N, 597 588 648 57
film
air 597 610 656
sBPDA-mPDA
N, 602 598 644 55
HT
air 578 622 671
N, 611 605 665 61
film
air 598 627 677
sBPDA-1FmPDA
N, 582 597 659 55
HT
air 552 602 648
N, 599 603 657 54
sBPDA-4FmPDA | film
air 594 617 650

The study of the influence of meta connectivities was extended to co-PI films composed
of PMDA polymerized with different fractions of each pPDA and mPDA. While results
for PMDA-pPDA (0 % mPDA) were already presented in sections 5.3.1 and 5.3.2, the sys-
tem PMDA-mPDA (100 % mPDA) resulted in a highly brittle material, rendering it rather
unsuitable for film applications but still useful for a thermogravimetric study to reveal
structure-property relationships. Co-polymers of PMDA were polymerized statistically
with a mixture of pPDA and different fractions of mPDA (5%, 10 %, 30 % and 50 %) in
order to reveal tendencies in successively increasing the amount of meta kinks in the
PI backbone. It has to be noted that three of four co-PIs, namely PMDA-[0.05-mPDA+
+0.95-.pPDA], PMDA-[0.1-mPDA+0.9-.pPDA], and PMDA-[0.5-mPDA+0.5-pPDA] were an-
alyzed using only one measurement in nitrogen atmosphere, therefore somewhat limit-
ing the statistical power of this comparison. Table 5.4 showed the results of this com-
parison. PMDA-pPDA had the highest thermal stability with Tg449 of 620 °C, whereas
PMDA-mPDA exhibited a significantly decreased T4 49 of 595 °C, confirming the obser-
vations made when studying sBPDA-based PIs at the beginning of this section. Replacing
a 5% or 10 % fraction of pPDA by mPDA led to a significant decrease of thermal stability
down to 607 °C in case of PMDA-[0.05-mPDA+0.95-pPDA] and 606 °C in case of PMDA-
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[0.1-mPDA+0.9-pPDA]. The similarity of these values could be explained by the rather
insignificant difference of mPDA fraction. Increasing the mPDA fraction to 30 % again
led to a decrease of T4 to 596 °C in case of PMDA-[0.3-mPDA+0.7-pPDA]. A further
increase in mPDA fraction to 50 % again led to a decrease in Tg490 down to 590 °C. This
again could indicate that a increasing fraction of kinks in the PI chain would lead to a
decrease in thermal stability. However, since this value was below that of pure PMDA-
mPDA, this statement could not be confirmed by any degree of linearity between the
fraction of backbone kinks and resulting thermal stability. Merely tendencies toward

this behavior could be considered observable.

Table 5.4: Thermal stability indicators for PI systems of PMDA polymerized with com-
binations of pPDA and mPDA. All PIs were synthesized classically as films and analyzed
in nitrogen atmosphere.

PI system Ta400 ["C] | Taonset ['C] | Tamax [°C] | CY [%]
PMDA-pPDA 620 624 663 53
PMDA-[0.05-mPDA+0.95-pPDA] 607 615 658 53
PMDA-[0.1-mPDA+0.9-pPDA] 606 617 666 54
PMDA-[0.3-mPDA+0.7-pPDA] 596 596 641 55
PMDA-[0.5-mPDA+0.5-pPDA] 590 589 635 53
PMDA-mPDA 595 596 641 54

A similar approach was chosen for studying the influence of meta connectivities on
the thermal stability of hydrothermally synthesized (co-)PIs (cf. Figure 5.5). HT sam-
ples of PMDA-pPDA exhibited average Tg490 0f 625 °C in nitrogen, as presented before,
while a statistical co-PI containing equal amounts of pPDA and mPDA, namely PMDA-
[0.5-mPDA+0.5-pPDA], showed highly decreased T4 40 of 589 °C. However, PMDA-mPDA
exhibited T 490 of 630 °C, which slightly exceeded the thermal resilience of PMDA-pPDA,
rendering it the thermally most stable HT PI within this chapter. Tendencies of values
for all thermal stability indicators obtained from measurements in both nitrogen and air
were quite similar throughout this comparison. Both PMDA-pPDA and PMDA-mPDA
consisted of highly stiff polymer chains, while on a micro-structural level the former
would only be able to form rigid rods and the latter could only form helical structures. A
distinction between both systems in terms of structural favorability could not be made,
since both HT PIs seemed similarly crystalline. Intriguingly, X-ray diffractograms of the
co-PI exhibit reflections less intense but fully congruent with PMDA-pPDA but not with
PMDA-mPDA. This led to the conclusion that the significantly decreased thermal sta-
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bility of the co-PI could have been due to distortion of structural long-range order and

resulting lower crystallinity.

Table 5.5: Thermal stability indicators for different hydrothermally synthesized PI sys-
tems of PMDA polymerized with combinations of pPDA and mPDA.

PI SYStem purge Td,400 [OC] Td,onset [OC] Td,max [OC] CY [%]

N, 625 638 667 44
PMDA-pPDA

air 592 624 660

N, 589 608 651 44

PMDA-[0.5-mPDA+0.5-pPDA]

air 579 609 652

N, 630 634 669 48
PMDA-mPDA

air 605 626 675

Since it was shown in section 4.3.2 that the introduction of perfluorinated segments in
the PI backbone had a significant impact on the moisture sorption behavior, an analo-
gous comparison was drawn for further assessing the influence of fluorination on the
material’s thermal stability. Again, for that not only PI films but also hydrothermally
synthesized samples of the PI systems PMDA-APBP and PMDA-8FAPBP were analyzed.
It could be seen in figure 5.6 that in case of film samples analyzed in nitrogen atmosphere
the introduction of the perfluorinated segment significantly increased T4 400 from 588 °C
for PMDA-APBP to 612°C for PMDA-8FAPBP. The increase in Tg400 for film samples
in air and for HT samples in nitrogen was also significant, although less pronounced.
Merely Tg4490 for HT samples of PMDA-8FAPBP measured in air was lower than for
PMDA-APBP. Also in this series, the stability indicators for films were generally higher
than for HT samples and for samples analyzed in nitrogen higher than for the ones
pyrolyzed in air, while values of T4 ,nst again were quite close to Tq49 in the case of
measurements of films in both nitrogen and air and for HT samples in nitrogen. Char
yields for HT samples again were lower than for films in both cases.

The general increase in thermal stability in case of the fluorinated PI system was ex-
pected, but in this comparison the increase in thermal stability was more visible than it
was for the samples discussed in section 5.3.3. This indicated that the introduction of
fluorine substituents could indeed lead to increased thermal resilience of a material by
offering strong C-F bonds and lowering the electron density in the perfluorinated aro-
matic segments,?*! i.e. the octafluorobiphenyl moiety (cf. section 5.3.3). Moreover, this

effect did not seem to be obfuscated by a lower stability due to shorter polymer chains
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arising from a lower reactivity of diamines in case of the fluorinated diamine. This could
be due to the electron-withdrawing effect of the fluorine substituents being sufficiently
separated from the amine moieties by oxyphenylene groups. Comparing these numbers
to the thermal stability indicators of the linear-chain reference systems in section 5.3.2,
a slight but general decrease in thermal stability could be observed. This most likely
was due to the existence of ether bridges in the PI backbones of both PMDA-APBP and
PMDA-8FAPBP, which could be found enclosing the (octafluoro)biphenyl center in the
diamine segment of the polymer. These bridging moieties seemingly posed a weak spot,

which was further investigated in the following section.

Table 5.6: Thermal stability indicators for PIs from PMDA-APBP and PMDA-8FAPBP.

PI SYStem type purge Td,400 [OC] Td,onset [OC] Td,max [OC] CY [%]

N, 588 579 613 57
film

air 585 584 712

PMDA-APBP

N, 573 580 617 47
HT

air 561 593 637

N, 612 604 641 53
film

air 602 614 651

PMDA-8FAPBP

N, 586 570 529 46
HT

air 552 577 613

5.3.4 Bridging Moieties & Connectivity

Since a general decrease in thermal stability arising from bridging moieties between
aromatic segments of the PI backbone could be seen in the previous section, this ef-
fect was further investigated by assessing the stability of several other PI systems. In
table 5.7 the indicators of thermal stability for PMDA-sODA and PMDA-aODA are pre-
sented, both comprising PMDA polymerized with a symmetric (4,4’-) and an asymmetric
(3,4’-) oxydianiline derivative, respectively. The diamine segments of both PI systems
had an ether bridge connecting the two phenylamine moieties, while in PMDA-aODA,
the amine moiety was located in meta position to the ether oxygen on one side, which
posed another structural feature to be investigated in terms of thermal stability. This
comparison was done in analogy to section 4.3.5 of chapter 4, in which the moisture
sorption behavior of both systems was assessed. Here as well, both PI systems exhib-

ited a generally lower thermal stability compared to the rather rigid reference systems
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in section 5.3.2. In a temperature range close to PMDA-APBP in the previous section,
PMDA-sODA and PMDA-aODA had T 490 of 593 °C and 584 °C, respectively, for films an-
alyzed in nitrogen atmosphere, while HT samples in nitrogen had values of 582 °C and
574 °C, respectively. Again, HT samples had lower T4 490 than films and values for Ty onset
again were quite close to these, except for samples in air, as observed in the comparisons
before. Here as well, T449 0of samples in air were lower than in nitrogen, and the char
yields of films were higher than for HT samples. The generally lower thermal stability of
these systems containing flexible ether bridges was most likely due to their disruption of
the system of conjugated electrons,*”*** which is known to be the main reason for fully
aromatic PIs exhibiting a higher thermal resilience.?* Although oxyphenylene groups
in PIs are considered quite stable toward thermal and thermo-oxidative degradation and
differences to fully aromatic PIs may have been considered close-to-negligible,'" the
differences observed within this study were significant. Another reason could be found
in the decreased rigidity of these flexible PIs, decreasing intermolecular interactions.'*?
Comparing both systems among each other, PMDA-aODA exhibited consistently lower
thermal stability indicators, although these differences were rather small, as values for
T4400 differed by less than 10 °C. Similar results could be found in literature, while the

differences in thermal stability between both systems were considered negligible. '

Table 5.7: Thermal stability indicators for PMDA-sODA and PMDA-aODA PIs.

PI SYStem tYPe purge Td,400 [OC] Td,onset [OC] Td,max [OC] CY [%]
N, 593 586 617 56
film
air 592 606 709
PMDA-sODA
N, 582 591 629 47
HT
air 565 601 650
N, 584 574 607 57
film
air 589 606 717
PMDA-aODA
N, 574 571 610 46
HT
air 567 600 646

The next comparison extended the study of the influence of both ether bridges as con-
necting moieties and arene substitution pattern on the thermal stability by including PIs
consisting of PMDA polymerized with either pBAPB (1,4-Bis(4-aminophenoxy)benzene)
and mBAPB (1,3-Bis(4-aminophenoxy)benzene), in analogy to section 4.3.6.

Table 5.8 shows the thermal stability indicators for both PI systems as films and HT
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samples. It could be observed that T4 of film samples of PMDA-pBAPB in nitro-
gen is virtually identical to PMDA-sODA being 594 °C, while the values for films in air
and both values for HT samples (570 °C in nitrogen) of this system were lower than
they were for PMDA-sODA. The values of T4400 PMDA-mBAPB exhibited for measure-
ments in nitrogen atmosphere did not differ significantly from PMDA-pBAPB, as T4 490
for films was slightly lower being 589 °C and for HT samples was slightly higher being
576 °C. Moreover, these values were found to range between those of PMDA-sODA and
PMDA-aODA. As the latter systems were already considered uniform in terms of ther-
mal stability and PMDA-pBAPB and PMDA-mBAPB exhibited even lower differences,
this rendered their thermal stability being virtually identical. Interestingly, T4 49 in air
was consistently lower than it was the case in PMDA-sODA and PMDA-aODA. Compar-
ing these systems to PMDA-APBP (cf. section 5.3.3), which counted for two ether bridges
among four phenyl moieties in the diamine fraction, the PMDA-ODA systems had one
ether bridge among two phenyl moieties, while the PMDA-BAPB systems had two ether
bridges among three phenyl moieties. Since all these PI systems just mentioned ex-
hibit highly uniform thermal stability indicators, but differ significantly from the fully
aromatic Pls assessed earlier, it could be assumed that incorporating ether bridges gen-
erally led to lower thermal stability, while increasing the fraction of such weak points
within the material did not seem to have any obvious effect. Moreover, meta connectiv-
ities within the arene substitution patterns also did not obviously influence the stability
of these PIs, indicating that the effect of connectivities in meta position observed in sec-
tion 5.3.3 could not be found here, since the ether-oxygen moieties may not be prone to
participate in mesomeric conjugation behavior. On the other hand, it could be consid-
ered that other parameters related to manufacturing of the samples might have led to
a scattering of the measurement results large enough to obfuscate potentially existing

effects of different arene substitution patterns and ether-bridge fractions.
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Table 5.8: Thermal stability indicators for PMDA-pBAPB and PMDA-mBAPB PIs.

PI SYStem type purge Td,400 [OC] Td,onset [OC] Td,max [OC] CY [%]
N, 594 590 621 53
film
air 579 617 712
PMDA-pBAPB
N, 570 582 615 43
HT
air 549 582 641
N, 589 580 604 55
film
air 581 605 686
PMDA-mBAPB
N, 576 570 600 47
HT
air 559 586 633

A similar behavior was observed when the bridging moieties did not consist of oxygen
but of isopropyl groups. Here, PMDA was polymerized with either bisaniline P (4,4"-(1,4-
phenylenediisopropylidene)bisaniline) or bisaniline M (4,4’~(1,3-phenylenediisopropyl-
idene)bisaniline) to yield PMDA-pBISA and PMDA-mBISA, respectively. As it can be
seen in table 5.9, PMDA-pBISA exhibited Tg4 of 534 °C for films and 522°C for HT
samples in nitrogen atmosphere, while PMDA-mBISA had T 490 of 531 °C for films and
526 °C for HT samples. Differences in thermal stability between both PI systems were
virtually nonexistent, except for T4 49 of film samples analyzed in air, for which PMDA-
mBISA exhibited a significantly lower value than PMDA-pBISA did. Interestingly, values
of T4 490 for measurements of films in air compared to measurements conducted in nitro-
gen were significantly lower than they had been for most systems previously assessed,
resembling differences found when comparing HT samples. This could indicate a gen-
erally lower resilience to thermo-oxidative conditions caused by the isopropyl groups
connecting the phenyl moieties within the diamine fraction, whereas it was not possi-
ble to differentiate between both arene substitution patterns containing either para or
meta connectivities within both diamines. Furthermore, the isopropyl moieties found in
these PI systems seemed to have caused a tremendous decrease in overall thermal sta-
bility compared to the fully aromatic reference systems in section 5.3.2. This decrease
was significantly more pronounced than it was for ether bridges found in the previously
assessed PIs, which was most probably due to the isopropyl moieties’ aliphatic nature ef-
ficiently interrupting the conjugation system between the neighboring phenyl moieties
as well as offering rather unstable bonds between sp*-hybridized carbon atoms within

the moieties themselves. Therefore, these aliphatic groups could be considered a weak
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spot within the otherwise aromatic polymer materials, substantially reducing their ther-
mal stability. Another interesting observation could be made when comparing the char
yields, as the difference between these values of film and HT samples was approximately
4 % in both PI systems, while these values generally were among the lowest of all systems
compared within this chapter. This could not only be due to both systems decomposing
relatively early resulting in a higher fraction of decomposed material when 900 °C were
reached, since some systems assessed later within this chapter exhibited lower thermal
stability while simultaneously resulting in higher char yields than it was the case for
the PMDA-BISA systems. A possible explanation could be found in the fact that the
most vulnerable parts of these systems were located in the backbone of the PI structure
(unlike PIs discussed later in section 5.3.5). As these regions seem to initiate decomposi-
tion of the polymer, a higher degree of fragmentation might be expected upon thermal
degradation. This could also be the case for the previously discussed PEIs, which would
explain their generally lower char yields compared to the fully aromatic PIs, but in the
cases of PMDA-BISA systems the isopropyl moieties themselves made up for a larger

fraction of total sample mass, resulting in even lower char yields.

Table 5.9: Thermal stability indicators for PMDA-pBISA and PMDA-mBISA PIs.

PI SYStem type purge Td,400 [OC] Td,onset [OC] Td,max [OC] CY [%]
N, 534 532 554 40
film
air 514 577 695
PMDA-pBISA
N, 522 523 546 36
HT
air 491 546 621
N, 531 528 551 43
film
air 490 555 678
PMDA-mBISA
N, 526 527 550 39
HT
air 492 536 624

Two additional comparisons were done assessing hydrothermally synthesized PIs only
while mainly focusing on connectivities within the arene substitution patterns. For the
first one, the dianhydride sODPA (4,4’-oxydiphthalic anhydride) was polymerized with
either pPDA or mPDA, while aODPA (3,4"-oxydiphthalic anhydride) was polymerized
with pPDA. The values for T4 for sODPA-pPDA (577 °C) and sODPA-mPDA (575 °C)
in nitrogen were virtually identical, whereas T4 onset and Tgpmax for sSODPA-pPDA were

significantly higher than for sSODPA-mPDA, nevertheless indicating slightly increased
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thermal stability of the former. However, both systems seemed to be quite similar in
terms of stability, despite the meta connectivity introduced by mPDA within the sODPA-
mPDA system having led to significantly decreased indicators of thermal stability before
(cf. section 5.3.3), indicating that the ether bridge within the dianhydride fraction of
these PIs probably represented the most dominant weak spot in thermal decomposition.
Therefore, these two systems were quite comparable to PMDA-sODA and PMDA-aODA,
both in terms of stability as well as marginal influence of arene substitution patterns. The
aODPA-pPDA system on the other hand exhibited strongly decreased thermal resilience,
for both Tg4490 (512°C in nitrogen) and Tyonset- As the polymer chain of aODPA-pPDA
might exhibit a structure similarly bent as sODPA-mPDA would be, the reason for the
lower stability of the former could not be found in the connectivity but rather within
the monomer aODPA itself. When synthesizing PIs based on aODPA, the ortho substitu-
tion of anhydride moieties could lead to highly pronounced kinks in the polymer chain
that decreased molecular interaction and chain packing,**® which is why it is mostly
used when aiming to yield soluble PIs.?* In contrast to sSODPA-mPDA, these kinks were
located in closest proximity to the ether moieties of the dianhydride, which resulted
in a great deal of steric hindrance for potential rotations around the associated O-Cy,
bond.?*>?*” This reduction in degrees of freedom would result in this bond’s decreased
capacity to absorb thermal energy, which would ultimately lead to lower thermal sta-
bility by rendering this ether moiety an even more significant weak spot than the ether

moiety in case of sSODPA-based PIs was.

Table 5.10: Thermal stability indicators for hydrothermally synthesized sODPA-pPDA,
aODPA-pPDA, and sODPA-mPDA PIs.

PI SYStem purge Td,400 [OC] Td,onset [OC] Td,rnax [OC] CY [%]

N, 577 576 672 47
sODPA-pPDA

air 567 616 655

N, 512 505 608 53
aODPA-pPDA

air 540 566 691
sODPA-mPDA N, 575 560 597 51

The second additional comparison included four hydrothermally synthesized PEI sys-
tems composed of two different ODPA dianhydrides combined with two different ODA
diamines each, namely sSODPA-sODA, sODPA-aODA, aODPA-sODA and aODPA-aODA.

Here, each PI's repeating unit included two ether bridges, each connecting two phenyl
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moieties, which naturally were connected via imide groups. Symmetric monomers in
this comparison (sODPA and sODA) would lead to rather linear PIs and asymmetric
ones (aODPA and aODA) to rather bent structures, while it should be noted that aODA
could in theory also lead to rather linear segments and that these ether bridges inher-
ently connect two adjacent phenyl moieties in an angular fashion. Depending on the
choice of monomers, the obtained PIs should have resulted in rather linear (sODPA-
sODA), quite kinked (SODPA-aODA), more kinked (aODPA-sODA) and strongly kinked
(aODPA-aODA) polymer structures. In relation to the previous comparison, sODPA-
pPDA and sODPA-sODA are known to have quite similar decomposition behavior, while
the latter tends to decompose at slightly lower temperatures,?*® which could also be ob-
served in this study as SODPA-sODA exhibited T4 499 of 570 °C in nitrogen atmosphere,
as seen in figure 5.11. When combining this symmetric dianhydride with the asymmet-
ric diamine aODPA to yield sSODPA-aODA, Tg44¢ decreased to 547 °C. This decrease in
thermal stability was attributed to the higher fraction of kinks in the polymer backbone
leading to an decrease in intermolecular interactions. However, this assumption could
not be confirmed by the observations made when comparing both ODA diamines poly-
merized with PMDA at the beginning of this section (cf. figure 5.7). A combination of the
asymmetric dianhydride aODPA with symmetric sODA to yield aODPA-sODA exhibited
T4.400 of 512 °C, which was significantly lower than for sODPA and tremendously lower
than for sODPA-sODA. This was probably due to the fact that the kinks arising from
the substitution pattern of aODPA could lead to a overall more strongly bent polymer
structure, while certain rotational movements within the polymer chain were strongly
suppressed as discussed in the previous comparison. Moreover, it has been found by
other researchers that there is the possibility of cyclic oligomers forming upon polymer-
ization of this monomer combination,** which could also play a role in these observa-
tions. When both monomers were asymmetric, as it was the case for aODPA-aODA,
the material exhibited an even lower T4 of 506 °C, probably due to even more kinks
being possible in the polymer structure, although it should be noted that the difference
to aODPA-sODA could not be considered significant. The results of this comparison
seemed to show some kind of relationship between number and "severity" of kinks in
the polymer structure and the resulting thermal stability of the material. However, no
linearity within this behavior could be identified, as each monomer contributed individ-

ually to the overall thermal performance of the resulting material.
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Table 5.11: Thermal stability indicators for PI systems from combinations of derivatives
of ODPA dianhydrides and ODA diamines. All PIs were synthesized hydrothermally and
analyzed in nitrogen atmosphere.

PI system Tasn [*C] | Taonset ['C] | Tamax [°C] | CY [%]
sODPA-sODA 570 559 605 56
sODPA-aODA 547 540 573 56
aODPA-sODA 512 510 586 53
aODPA-aODA 506 506 554 54

5.3.5 Side Groups

So far, this chapter studied the thermal decomposition behavior of several PIs which dif-
fered exclusively in composition of and connectivity within their polymer backbones.
This section aimed for shedding light on what influence various side groups on the ther-
mal resilience of a PI might have, since employing monomers containing such pendant
moieties for PI synthesis is a well-established method for tuning these materials’ prop-
erties such as solubility #**°"%! or optical transparency.??72%¢ For the first comparison
within this study PMDA was polymerized with several derivatives of the diamine benzi-
dine, resulting in fully linear rigid-rod PIs bearing side groups on the diamine segments.
Compared to PMDA-Bz, which was discussed in section 5.3.2, a PI composed of PMDA
polymerized with 2,2’-dimethylbenzidine (m-tolidine, mDMBz) to yield PMDA-mDMBz
exhibited tremendously decreased Tg4490 of 535 °C for films and 516 °C for HT samples
in nitrogen atmosphere, which differed from PMDA-Bz by approximately 80 °C for both
sample types. The DTG curves of both sample types of PMDA-mDMBz (only in nitrogen
atmosphere) revealed two detectable mass-loss events in a single measurement, while the
second one could be located at a temperature region slightly above 600 °C, which was
quite congruent with the single mass-loss event observed for PMDA-Bz measurements.
This indicated that the first mass-loss event, which determined the thermal stability of
this PI, was due to the methylene side groups decomposing first. However, as there was
no plateau in the TGA curve between both mass-loss events and the second event started
at approximately 20 % mass loss, it was clear that the decomposition process -presumably
initiated at or in close proximity to the methylene groups- did not halt before the sec-
ond event. Instead, it continued and exhibited an increase in velocity (T ma.x Was 622 °C
and 612 °C, for films and HT samples, respectively) during the second mass-loss event,

which might be cleavage of the imide rings in parts of the macromolecule in which these
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did not already decompose. For measurements of HT samples in air a single continuous
mass-loss event could be observed. Interestingly, this T4400 of 549 °C was significantly
higher than for same sample type in nitrogen, but nevertheless represented a decrease
in stability compared to PMDA-Bz.

Comparing previous PI system to its isomer PMDA-oDMBz, which contained 3,3’-di-
methylbenzidine (o-tolidine, o0DMBz) as diamine, a significant increase in T 490 (570 °C
for films in nitrogen and 565 °C for HT samples) could be observed. One reason for the in-
creased thermal stability of PMDA-oDMBz compared to PMDA-mDMBz could possibly
be found in the ortho position of the methylene substituents, which could stabilize rad-
icals arising from the homolytic cleavage of the imide ring proposed by ZURAKOWSKA-
ORszAGH et al.?*? and La1us et al.?!7 and described in section 5.3.3. As the possible po-
sitions of the radical in the benzene ring adjacent to the cleaved imide bond are found
at ortho and para positions, the positive inductive effect of the methylene moiety in
ortho position could stabilize the radical electron at this location more efficiently than
the same substituent would in meta position (as in PMDA-mDMBz). However, since the
conjugated system also includes the other benzene ring of the biphenyl moiety (in para
position to the cleaved imide moiety), the radical electron could here find mesomeric
locations being meta-positioned to the other (non-cleaved) imide moiety, which would
not be directly stabilized by the second methylene group within this symmetric mono-
mer unit. Following this concept, both diamine isomers should even be rather equal in
terms of radical stabilization, which could be considered partially supported the fact that
the values of Ty onset for PMDA-0DMBz differed from those of PMDA-mDMBz to a much
smaller extent than T44. However, since also PMDA-oDMBz was significantly less
thermally stable than PMDA-Bz, it could be assumed that the dominant decomposition
mechanisms directly included the methylene substituents as weak points rather than
stabilizing factors as there are indications of rather slowly proceeding radical demethy-
lations to be found in literature.*** Another reason for the increased thermal stability of
PMDA-0DMBz compared to PMDA-mDMBz could be that both methylene substituents
within the diamine fraction of the latter were facing each other, hindering rotation

t,'”” and thereby possibly lowering this rota-

around the biphenyl linkage to some exten
tional movement’s capacity of compensating for increasing thermal energy. Moreover,
as methylene substituents are known for their positive inductive effect, it could be con-
sidered that the amine moieties of o0 DMBz might have profited more from this increase
in electron density as they would have in case of mDMBz, and therefore possessed an

increased reactivity toward polymerization with anhydride moieties, which could ulti-
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mately have led to an increased molecular mass and thereby increased thermal stability
of PMDA-0DMBz polymers. Interestingly, only one mass-loss event was visible within
the TGA curves of PMDA-oDMBz, which could mean that decomposition of methylene
moieties in this case was more closely related to the other possible decomposition pro-
cesses of the polymer. It should be noted that all attempts to synthesize films of this
PMDA-0DMBz led to a rather inhomogeneous material, which contained a visibly large
fraction of opaque regions indicating precipitation of solids during curing. Neverthe-
less, as their X-ray diffractograms revealed no sign of increased crystallinity and their
thermograms showed homogeneous decomposition behavior, these films were treated

as samples comparable to others.

When employing 3,3’-dimethoxbenzidine (o-dianisidine, oDIAN) as diamine to yield
PMDA-0DIAN, T4400 Was 502 °C for films and 497 °C for HT samples in nitrogen. This
again represented a tremendous decrease in thermal stability compared to PMDA-Bz,
which has been reported by other researchers.®” It is known that in this PI system
decomposition was initiated by homolytic cleavage of the H;C-O bond which would
result in methyl radicals and resonance-stabilized oxygen-containing radicals of the PI
chain.?*? Consequently, this mechanism should lead to two consecutive mass-loss events
of which the second one is related to cleavage of the imide moieties,?** and which could
indeed be observed in this study’s DTG curves of PMDA-0DIAN. Similarly to the obser-
vations on PMDA-mDMBz, both decomposition steps most probably were directly in-
tertwined, as there were no plateaus in the TGA curves between both mass-loss events
to be observed. However, same authors reported this decomposition step to occur at
significantly lower temperatures than it was observed here.

In this study, another rather prominent diamine, namely 2,2’-bis(trifluoromethyl)benzi-
dine (mTFBz), was polymerized with PMDA to yield PMDA-mTFBz. It exhibited T 400
of 600 °C for films in nitrogen atmosphere, which was only slightly lower than for films
of PMDA-Bz, and 589 °C for HT samples, which in fact was highly similar to those of
PMDA-Bz. Comparing this system to its non-fluorinated analog PMDA-mDMBz, it was
clear that the substitution of hydrogen atoms of the methylene groups by fluorine atoms
very much compensated for the introduction of side groups to these fully linear poly-
mers, since the increase in thermal stability from PMDA-mDMBz to PMDA-mTFBz was
tremendous. Although there were minor traces of a preceding mass-loss event in case
for HT samples, the thermograms of PMDA-mTFBz seemed to exhibit only one main

decomposition step, which -in context of the low differences to PMDA-Bz- would in-
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dicate that these side groups most likely did not pose a significant weak spot in terms
of thermal stability. It should be considered that a greater inter-chain distance induced
by the bulkiness of the trifluoromethyl moieties might also have played a role in the
(insignificantly) lower thermal stability compared to PMDA-Bz, which in fact should be
considered for all side-group bearing PIs of this study.

Unfortunately, due to its highly tedious low-yield synthetic procedure, merely minor
amounts of the ortho derivative 3,3’-bis(trifluoromethyl)benzidine (0TFBz) were avail-
able, which excluded manufacturing of films of the PI system PMDA-oTFBz. HT samples
of PMDA-0TFBz exhibited Tg400 of 575°C in nitrogen atmosphere, which represented
a minor decrease in thermal stability compared to PMDA-mTFBz, whereas values for
T4onset Were insignificantly increased. Moreover, measurements in air yielded signifi-
cantly decreased Tg4490 but significantly increased T4 opset of PMDA-0TFBz compared to
PMDA-mTFBz. Comparing both TFBz-based PIs, it seemed as they were quite similar
in terms of thermal resilience. Possible stability-decreasing effects of hindered rotation
around the biphenyl axis in case of PMDA-mTFBz or decreased reactivity of amine moi-
eties caused by the negative inductive effects of the adjacent trifluoromethyl groups and
therefore lower molecular mass in case of PMDA-0TFBz could have approximated both
PIs’ thermal behavior.

Another ortho-substituted benzidine derivative that was used within this study was
3,3’-dihydroxybenzidine (0DHBz) which was polymerized with PMDA to yield PMDA-
oDHBz. HT samples of this PI system exhibited Tg440 of 542°C in nitrogen, which
was located between those of PMDA-oDMBz and PMDA-0DIAN. It is known that aro-
matic polyimides containing hydroxy moieties in ortho position to the nitrogen sub-
stituents are able to form polybenzoxazoles upon heating to a temperature region of
350 - 500 °C.?*® Indeed, the mass-loss curves of this material allowed for distinguishing
two separate mass-loss events in the upper part of this region. However, the observed
decomposition behavior was similar to the other samples within this study, as the first
step included a mass loss of more than 20 % and seamlessly merged with the second
event. Moreover, since there are indications that the heating rate applied during all
measurements of this study was too high for allowing for a sufficient conversion to poly-
benzoxazoles,*® it was assumed that the mass losses observed for these samples were
predominantly related to polymer decomposition and that the temperatures obtained as
indicators of thermal stability could be considered valid.

Similarly to oTFBz, for 3,3’-difluorobenzidine (0DFBz) only minor amounts were avail-

able to synthesize one HT sample of PMDA-0oDFBz. Since this sample decomposed at
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relatively low temperatures, it was the only PI within this comparison for which Tg37;
was taken for assessment of thermal stability. This sample analyzed in nitrogen atmo-
sphere exhibited T437; of 395°C, which represented the by far lowest thermal stability
of all systems within this study. This was not expected, as fluorination of aromatic seg-
ments led to rather increased or similar stability before (cf. section 5.3.3). The thermo-
gram exhibited three mass-loss events of which the first one was the most dominant and
responsible for the stability indicators, whereas the second step was negligible and the
third one was located above 600 °C, which could have been related to cleavage of the
remaining imide bonds. Although these mass-loss steps were comparably easy to distin-
guish, they still were rather continuously connected over the course of the measurement,
indicating that the decomposition process indeed started with the first mass loss event,
which would lower the possibility of secondary reactions not directly related to thermal
degradation. As the infrared spectrum of this sample showed highly prominent imide-
vibration modes and did not exhibit amine-related modes, it was assumed to indeed be

a fully converted PI, although its decomposition behavior could not be explained.

Table 5.12: Thermal stability indicators for several PIs based on PMDA polymerized with
various benzidine derivatives.

’ PI system ‘ type ‘ purge H Td,400 [OC] ‘ Td,onset [OC] ‘ Td,max [QC] ‘ CY [%] ‘

film | N, 618 615 654 61

PMDA-Bz [ .o | N 595 615 650 48
air 579 611 654

film | N, 535 541 622 61

PMDA-mDMBz [ | N, 516 532 612 48
air 549 582 626

e | N 570 553 592 65
PMDA-o0DMBz air 530 574 622

HT | N, 565 555 595 56

film | N, 502 483 520 59

PMDA-oDIAN [ | N, 497 482 521 52
air 459 534 621

film | N, 600 602 642 49

PMDA-mTFBz | | N, 589 596 639 35
air 554 579 622

N, 575 603 640 50
PMDA-oTFBz | HT \— 511 598 646

N, 542 530 572 52
PMDA-oDHBz | HT —0 517 564 619

PMDA-oDFBz* | HT | N, 395 380 403 45
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Most of the diamines employed for synthesizing the PIs presented in the previous com-
parison were also polymerized with the dianhydride sODPA in order to yield polymers
of a more bent and flexible nature, which was assumed to reduce possible effects of de-
creased interchain interaction due to bulky moieties on the PIs’ thermal behavior. The
thermal stability indicators of the resulting PIs are presented in figure 5.13. This study’s
reference system was sODPA-Bz, which exhibited T4 499 of 603 °C for films and 570 °C for
HT samples in nitrogen atmosphere. Compared to PMDA-Bz, it showed a slight but clear
decrease in thermal stability, most likely due to the ether bridge located in the dianhy-
dride fraction representing a weak spot within the polymer backbone (cf. section 5.3.4).
The decrease was more pronounced for HT samples, both in nitrogen and air, although
there were no obvious differences in crystallinity between HT samples of PMDA-Bz and
sODPA-Bz.

Similar to the first comparison within this section, the introduction of methylene groups
into the polymer structure by employing mDMBz to yield sODPA-mDMBz decreased
T 4,400 to 527 °C for films and to 469 °C for HT samples in nitrogen. Compared to sODPA-
Bz, the differences in Ty 49 for films were quite close to the differences found when com-
paring PMDA-Bz and PMDA-mDMBz, whereas sODPA-mDMBz and PMDA-mDMBz
surprisingly exhibited highly similar T449 for measurements of both sample types in
nitrogen. HT samples of sODPA-oDMBz exhibited T4 of 534 °C, which was slightly
increased compared to SODPA-mDMBz, although the increase was not as high as it was
observed for their PMDA-based analogs.

The introduction of methoxy moieties in sSODPA-0DIAN led to T4 400 of 492 °C for films
and 477 °C for HT samples in nitrogen atmosphere. Similarly to the observations made
in the previous comparison, these methoxy groups seemed to significantly lower a PI’s
thermal stability, whereas the thermal-stability indicators for samples of sODPA-oDIAN
are slightly lower than for their PMDA-based analogs.

The fluorinated PI system sODPA-mTFBz exhibited T4 490 of 586 °C for films and 569 °C
for HT samples in nitrogen. In analogy to the previous comparison, these values indi-
cated a partial compensation of reduced thermal stability caused by the introduction of
side groups enabled by strong C-F bonds within the side moieties. The discrepancies
between sODPA-mTFBz and sODPA-Bz are similar to those between PMDA-mTFBz and
PMDA-Bz, whereas the sODPA-based PIs possessed lower thermal stability.

In summary, the tendencies for thermal stability to change with different side groups
attached to the aromatic PI backbone of these sSODPA-based polymers were very similar

to those observed for the analogous PMDA-based polymers presented earlier in this sec-
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tion, as such side groups generally pose weak spots in terms of thermal resilience leading
to reduced performance in any case. However, due to almost all indicators of thermal
stability for these SODPA-based PIs (which contained ether bridges as additional weak
spots) being consistently lower than for their PMDA-based analogs, it could be assumed
that effects of weak spots might have stacked to result in an overall lower thermal sta-
bility.

Table 5.13: Thermal stability indicators for PIs based on sODPA polymerized with vari-
ous benzidine derivatives.

PI system type | purge || Taa00 [°C] | Taonset ['C] | Tamax ['C] | CY [%]
film | N, 603 593 631 61
sODPA-Bz N, 570 573 625 51
At air 544 610 652
film | N, 527 529 634 64
sODPA-mDMBz N, 516 495 618 53
HT air 486 553 614
sODPA-oDMBz | HT N, 534 517 555 59
<ODPA-oDIAN film | N, 492 478 502 57
HT N, 477 462 497 51
film | N, 586 584 632 54
sODPA-mTFBz N, 569 572 618 51
Ht air 572 588 632

5.3.6 Various Monomer Combinations

The final section of this chapter presents and discusses thermal stability assessments
for various PI systems obtained from several commercially available monomers, whose
comparability to the other systems discussed before was somewhat limited, as they did
not comply with the structure-property systematics of the previous sections. It aimed
for providing a brief glance on a variety of structural feature which could be incorpo-
rated into PIs and their effect on the thermal stability of the resulting polymers. All these
samples have been synthesized hydrothermally, due to this method’s straightforward-
ness and facile parallelizability. Table 5.14 lists the thermal stability indicators obtained
for PI systems based on various diamines polymerized with PMDA.

221,259,260

4,4’-diaminodiphenylmethane (MDA) ia a widely used diamine which consists
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of two phenylamine moieties connected via a methylene moiety. Although it was struc-
turally quite similar to PMDA-sODA, the PI system PMDA-MDA exhibited significantly
lower T4490 0f 531 °C in nitrogen atmosphere, which in fact was very close to the values
for BISA-based systems found in section 5.3.4. This led to the assumption that aliphatic
connectivities would generally represent a weak spot in the PI backbone, whereas the
differences between the effects of methylene and isopropyl moieties on the thermal sta-
bility of the polymer seemed to be negligible. However, in thermo-oxidative conditions
this system performed better than the BISA-based systems, as T440 for measurements
in air was quite close to nitrogen-atmosphere measurements.

Likewise, a PI composed of PMDA and BAPP (2,2-Bis[4-(4-aminophenoxy)phenyl]pro-
pane) showed a similar T4499 of 527 °C in nitrogen, most likely due to the aliphatic iso-
propyl linkage between the two central phenyl moieties within this diamine. Since there
were two additional ether bridges in a molecule of BAPP located between these central
phenyl moieties and two terminal phenylamine moieties, the system PMDA-BAPP was
expected to yield lower thermal stability indicators, since it was shown at the end of
the previous section that effects of different weak spots could add up to result in lower
thermal stability (cf. section 5.3.5). However, it turned out that in this case no stacking
of weak-linkage effects could be observed, as PMDA-BAPP exhibited T4 490 very close to
the other systems containing only aliphatic linkages such as isopropyl (found in PMDA-
pBISA and PMDA-mBISA) and methylene moieties (found in PMDA-MDA), meaning
that the isopropyl moieties represented the most dominant weak spot for decomposi-
tion without any obvious influence of the ether bridges on thermal performance. This
result would limit previously stated assumption of different weak spots stacking to re-
sult in an overall lower thermal performance (cf. section 5.3.5) to structures, in which
these vulnerabilities are not exclusively found in the polymer backbone but distributed
among both side groups and backbone linkages.

The structure of the diamine 2,7-diaminofluorene (DAF) was somewhat based on a ben-
zidine framework, in which two aromatic carbon atoms in ortho position to the biphenyl
linkage were additionally bridged by a methylene moiety. This second linkage resulted
in a slightly bent but fully planar and highly stiff structure of this "tricyclic fused ring
diamine",*! but simultaneously represented a weak spot for thermal degradation. This
reflected in a reduced T4 499 for PMDA-DAF of 575 °C in nitrogen atmosphere compared
to PMDA-Bz. Nevertheless, since these methylene linkages were not the sole connection
between the phenyl moieties within the diamine fraction of the PI, PMDA-DAF signifi-

cantly outperformed the other PI systems bearing aliphatic linkages mentioned before.
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The biphenyl linkage might still have played an important role in stabilizing the PI struc-
ture during thermal decomposition. Moreover, measurements in air gave values close to
those in nitrogen, which could indicate that the bridging methylene moieties found in
PMDA-MDA and PMDA-DAF might be more resilient to thermo-oxidative conditions
than isopropyl moieties.

The only diamine employed for PI synthesis not being commercially available during
the course of this work was 3,6-diaminodibenzofuran (DADF). A decades-old container
containing large, partially degraded amounts of this diamine was obtained from a stor-
age facility of Technische Universitit Wien. This monomer was purified by sublimation
twice before use, yielding white crystals of high purity. Structurally, DADF based on a
planar framework similar to DAF containing an ether bridge instead of the methylene
linkage, although the amine moieties were located in different positions, which limited
the comparability of both diamines to some extent. The PI system PMDA-DADF ex-
hibited T4499 of 615°C in nitrogen with a virtually identical value for measurements in
air, therefore outperforming PMDA-DAF significantly and ranking among this chapter’s
best-performing PI systems. This increase in thermal stability compared to PMDA-DAF
was most probably due to the ether linkage being more resilient to both thermal and
thermo-oxidative degradation than the methylene bridge, although the amine positions
must have led to a highly kinked polymer structure, which in other cases led to lower
thermal performance (cf. section 5.3.3). However, as PMDA-DADF must have had a
highly stiff and kinked structure, it could be considered most comparable to PMDA-
mPDA, which also exhibited extraordinarily high thermal stability. It should be noted
that this system represented the best-performing hydrothermally synthesized PI for TGA
measurements conducted in air.

The diamine 9,9-Bis(4-aminophenyl)fluorene (BAPF) represented another widely known
monomer, which is classically employed when aiming to synthesize PIs soluble in vari-
ous organic solvents.?*%® This characteristic is mostly due to this diamine’s bulkiness
severely decreasing interchain interaction, which was most probably one of the main
reasons for the comparably low thermal stability of this study’s HT samples of PMDA-
BAPF. Another key feature defining this system’s thermal behavior most probably was
its central sp>-hybridized carbon atom bridging four phenyl moieties and bearing weak
linkages for thermal decomposition, which led to Ty 40 0f 493 °C in nitrogen atmosphere.
Interestingly, it exhibited higher Tg400 of 546 °C when analyzed in air. Employing 9,9-
Bis(4-amino-3-methylphenyl)fluorene (MeBAPF) as a diamine in PMDA-MeBAPF led to

a further decrease in Tg4490 to 434 °C, as this derivative of BAPF contained methylene

105



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

side groups adjacent to its amine moieties, which most probably introduced additional
weak points for thermal decomposition. Similarly to PMDA-BAPF, this system’s T 490
was significantly increased (492 °C) when analyzed in air.

The last diamine to be assessed regarding its influence on thermal stability when poly-
merized with PMDA was 4,4’-diaminobenzophenone (DABP). Its structure was quite
similar to MDA whereas the central carbon atom did not exist as an methylene moiety
but within an carbonyl group rendering this molecule a diaminoketone, which could
also be utilized when aiming for cross-linking effects upon thermal curing in oxygen-
containing atmosphere.?® The hydrothermally synthesized PI system PMDA-DABP ex-
hibited T4 490 0f 575 °C in nitrogen and a similar value for measurements in air. Therefore,
its thermal performance ranked among other, more flexible PIs containing ether bridges
such as the PMDA-ODA, PMDA-BAPB or sODPA-PDA systems, which indicated that
the carbonyl linkages were similarly prone to initiate thermal decomposition as ether

moieties in the polymer backbone were.

Table 5.14: Thermal stability indicators for hydrothermally synthesized PI systems based
on PMDA polymerized with various diamines.

PI system purge Td,400 [OC] Td,onset [OC] Td,max [OC] CY [%]

N, 531 543 593 46
PMDA-MDA

air 519 591 633

N, 527 522 566 37
PMDA-BAPP

air 487 550 614

N, 575 585 633 53

PMDA-DAF

air 568 598 641

N, 615 619 662 55
PMDA-DADF

air 616 629 660

N, 493 479 589 58
PMDA-BAPF

air 546 576 620

N, 434 415 521 52

PMDA-MeBAPF

air 492 532 617

N, 574 576 632 43
PMDA-DABP

air 578 609 665
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Furthermore, such a benzophenone-based structure could also be found for the dianhy-

dride counterpart, namely in 3,3",4,4’-benzophenonetetracarboxylic dianhydride (BTDA),
which is arguably the most commonly used****** one of all dianhydrides presented in ta-

ble 5.15, which lists the thermal stability indicators obtained for PI systems based on var-

ious dianhydrides polymerized hydrothermally with different diamines. The PI system

BTDA-pPDA exhibited T4 49 of 606 °C in nitrogen atmosphere and therefore slightly out-

performed previous analog system PMDA-DABP. As both systems could be considered

structurally quite similar, the differences in thermal stability could only be explained by

a possibly more linear polymer-chain structure in case of BTDA-pPDA or by differences

in monomer reactivity. As the carbonyl moiety is able to withdraw electron density from

it’s neighboring phenyl moieties via negative inductive and mesomeric effects, the reac-

tivity of the amine groups within DABP might have been somewhat lowered, whereas in

case of BTDA the effect might be the opposite. This might have led to a lower molecular

weight (or particle size) in case of PMDA-DABP and a higher molecular weight (or in-

creased particle size) in case of BTDA-pPDA. However, combining both benzophenone-

based monomers to yield BTDA-DABP the drop in thermal stability was tremendous.

This system exhibited T437; of 421 °C in nitrogen and had T4 st as low as 383 °C. As in-

sufficient polymerization could be excluded by the absence of amine-related vibrational
modes in this material’s IR spectrum, the extraordinarily low thermal resilience of this

system could not be explained.

9,9-Bis(3,4-dicarboxyphenyl)fluorene dianhydride (BPAF) could be considered the di-

anhydride counterpart to the diamine BAPF discussed in the previous comparison (cf.
Table 5.14. BPAF-pPDA exhibited Tg400 of 580 °C in nitrogen, which was an tremen-
dous increase in thermal stability compared to its analog PMDA-BAPF. Despite this in-
crease seeming to high for such an explanation, it was assumed that the superior ther-
mal resilience of BPAF-pPDA could have been due to its more linear structure compared
to PMDA-BAPF. However, combining both diphenylfluorene monomers to yield BPAF-
BAPF (which could be considered structurally even more bulky) led to Tg490 of 574 °C in
nitrogen, which was highly similar to BPAF-pPDA and still immensely higher than T 499
for PMDA-BAPF. Since all three PIs containing one or both diphenylfluorene monomers
were equally amorphous and therefore differences in crystallinity as criterion for ther-
mal resilience could be excluded, no explanation for the differences in thermal stability
between the BAPF-based and BPAF-based PIs could be found.

As one of the few commercially available fluorinated dianhydrides, 4,4’-(hexafluoroiso-

propylidene)diphthalic anhydride (6FDA) has extensively been used by numerous re-
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searchers, mostly to obtain soluble or optically transparent Pls. ***"-%* Hydrothermally
synthesized samples of 6FDA-pPDA were neither transparent nor soluble but exhibited
T 4,400 of 538 °C in nitrogen. Interestingly, each indicator of thermal stability was the same
for measurements with both purge gases. This could mean that this system was -unlike
most other PIs discussed within this chapter- not overly susceptible to decomposition
in thermo-oxidative conditions, which might give a hint on which PIs to use for appli-
cations in oxygen-rich atmosphere. However, due to the anhydride fraction’s aliphatic
linkage this system’s overall thermal stability ranked among those of other systems con-
taining aliphatic moieties, which generally were disadvantaged over fully aromatic and
linear PIs or even those which bore ether bridges within their backbones, despite 6FDA’s
fluorine substituents suggesting otherwise.

Being the main dianhydride constituent in several commercially successful PI products,?
4,4'-(4,4’-isopropylidenediphenoxy)diphthalic anhydride (BPADA) could be employed
when aiming to obtain melt-processable PIs.?* It could be considered as the dianhy-
dride equivalent to the diamine BAPP, bearing a central isopropyl linkage and two ether
bridges connecting four phenyl moieties. Accordingly, BPADA-pPDA exhibited T4 400
of 524 °C in nitrogen atmosphere being highly similar to PMDA-BAPP, which was most
probably due to the aliphatic linkage dominating this system’s thermal stability. This
again showed that -when manufacturing or producing PI products- advantages in terms
of e.g. facilitated processing might easily come at the cost of decreased thermal stability.
The last monomer to be discussed within this chapter was 3,3’,4,4’-diphenylsulfone
tetracarboxylic dianhydride (DSDA), which could be considered fundamentally differ-
ent from all other monomers discussed here due to its sulfone moiety acting as link-
age between both phthalic anhydride groups. Dianhydrides but also diamines bearing
such sulfone moieties generally are employed in PI synthesis when aiming for melt-
processable products.?¢ As the sulfone moieties are strongly withdrawing electron den-
sity, hydrothermal synthesis of PIs with sulfone-containing diamines within this thesis
were of rather low success, while opposite was true for the sulfone-containing dianhy-
dride DSDA. The PI system DSDA-pPDA T 400 0f 535 °C in nitrogen, while this value was
increased for measurements in air. Therefore, it could be assumed that sulfone moieties
as linkages in the backbones of PIs would probably lead to a decrease in thermal stability

comparable to PIs containing aliphatic linkages.
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Table 5.15: Thermal stability indicators for hydrothermally synthesized PI systems based
on various dianhydrides polymerized with various diamines.

PI SYStem purge Td,400 [OC] Td,onset [OC] Td,max [OC] CY [%]
N, 606 602 634 49
BTDA-pPDA
air 583 613 662
BTDA-DABP* N, 421" 383 584 47
N, 580 569 616 63
BPAF-pPDA
air 545 588 624
BPAF-BAPF N, 574 551 599 66
N, 538 532 573 49
6FDA-pPDA
air 537 542 572
N, 524 520 544 48
BPADA-pPDA
air 531 592 695
N, 535 526 566 45
DSDA-pPDA
air 567 596 641

5.4 Conclusions

The effects of several structural features on the thermal stability of numerous PI systems
have been identified and discussed within this chapter utilizing different approaches of
processing data obtained from several hundred uniformly conducted thermogravimetric
measurements. Fully aromatic, rather linear PIs which comprise phenyl moieties con-
nected solely by imide groups and biphenyl linkages represented the systems being most
resilient to thermal and thermo-oxidative degradation. Side groups attached to aromatic
segments led to lower thermal stability in all cases, while the position and nature of these
substituents clearly played a role in the extent of this decrease. The introduction of meta
linkages via implementation of mPDA within the diamine fraction into such linear PIs
led to more bent polymeric structures and lower thermal stability, most likely due to
decreased interchain interactions arising from increased free volume and decreased me-
someric stabilization of radical decomposition products. However, meta connectivities
did not seem to have any effect on thermal stability when aromatic regions were inter-
connected by ether bridges or aliphatic linkages. On one hand this might have been due
to the impact of altered polymer-chain geometry being obfuscated by effects inherent

to such linking moieties, as ether bridges significantly lowered thermal stability while
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aliphatic ones led to drastic decreases. On the other hand, another possible reason for
that might also be found in that the differences between arene substitution patterns did
not result in different degrees of mesomeric radical stabilization, since the conjugated
systems were interrupted by these linkages. Fluorination of aromatic segments within
the polymer backbone seemed to have a stability-improving impact, at least if these
segments were perfluorinated. Fluorination of aliphatic side groups or linking moieties
seemed to improve stability compared to their non-fluorinated analogs, although this
could not compensate for the reduced stability caused by these side groups or linkages
themselves. In most cases, film samples were more stable than their hydrothermally syn-
thesized counterparts, especially in thermo-oxidative conditions. Reasons for that could
be found e.g. in the drastically increased surface area of HT samples or retarded mass
loss detection due to enclosure of gaseous decomposition products in film samples.
However, clarification is required on how parameters of manufacture for HT particles
might influence their thermal performance, but also on how system-intrinsic factors
such as solubility of monomers or oligomers might influence a product’s particle size,
since they could therefore have an impact on thermal stability. Moreover, since crys-
tallinity of hydrothermally synthesized particles might also have played a role in stabil-
ity, more systematic investigations should be undertaken, in order to relate degrees of
crystallinity to thermal stability of such polymers.

What also remained unclear is if stability-lowering effects of seemingly independent
molecular features such as different linkages or substituents could stack to yield even
lower stability, since in some cases they did stack (cf. section 5.3.5) and in some they
did not (cf. section 5.3.6). Another intriguing question to be answered would be if it was
possible to generally increase the thermal stability of PIs by incorporating structural
elements such as fused benzene rings in polycyclic segments or if their stability was in-
deed limited by decomposition mechanisms concerning the imide moieties themselves.
The reader is referred to research works of Sazanov et. al for procedural methods for
increasing thermal stability of PIs such as ensuring full imidization,** the use of ortho-
phophoric acid,’ or avoiding excess diamine content. %215

Anyhow, for more thorough investigations on which and how structural features of par-
ticular monomers are responsible for initiating thermal decomposition, it would proba-
bly be necessary to know more about the mechanisms of thermal and thermo-oxidative
decomposition of PIs, which seem to be quite complex and remain largely unknown. Al-
though many monomers have been employed for synthesizing PI samples in this work,

this chapter’s collection of decomposition data is far from being complete given the vast
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amount of compounds available for PI synthesis. However, the author hoped to have

given a useful overview nevertheless.

6. Closing Remarks

Within this thesis polyimides were obtained taking two fundamentally different syn-
thetic approaches which yield just as differing polymeric products: The so-called classi-
cal synthesis of PIs is a two-step route requiring highly purified monomers, which are
to be combined in rather harmful, high-boiling solvents to form processable prepoly-
mer solutions before curing them to obtain the desired PI material by exposing them
to high temperatures in ideally inert atmospheres and constantly anhydrous conditions.
If performed correctly, the product of a classical PI synthesis is a dense, mostly amor-
phous, and continuous polymer film. In contrast, hydrothermal synthesis of PIs can be
performed by simply combining monomers in water and heating the mixture in closed
vessels, utilizing the strongly altered physical and chemical properties of liquid water
above it’s standard boiling point under autogenously formed pressure. In many cases,
this approach leads to highly crystalline PI microparticles, in virtually all cases it results
in PI microparticles exhibiting significantly higher levels of crystallinity than their clas-
sically synthesized counterparts.

Focusing on both the moisture sorption behavior of PI films and the thermal stability
of PI films and hydrothermally synthesized microparticles, this work compared sev-
eral structurally different PI systems obtained by polymerizing numerous commercially
available monomers. This allowed extensive insight into the structure-property relation-
ships underlying these polymer systems with respect to these characteristics. Taking up
on the concept of the two-dimensional plots presented in section 4.4, which map several
PI systems in terms of their moisture diffusivity and moisture uptake, such a plot can
be extended to include a thermal-stability indicator, which allows these polymers to be

compared and even ranked in terms of three highly relevant properties (cf. figure 6.1).
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Figure 6.1: Three-dimensional map depicting various comparable PI systems in terms of diffusivity and
moisture uptake as done in figure 4.25, extended by a thermal stability indicator.

However, there are many more properties that have to be considered when designing
PIs from the plethora of monomers commercially available, depending on which criteria
the desired product has to fulfill as there are many other properties a possible PI formu-
lation’s suitability depends on. Among these are the thermal expansion characteristics,
electrical breakdown strength, sorption behavior towards gases and fluids (which are
not water as analyzed here), solubility, softening behavior and mechanical properties,
adhesion to certain substrates, to name a few, but also seemingly obvious characteristics
such as a PI's color might be highly relevant for some applications. Thus, depending
on the characteristics most important for the desired applications, it is conceivable that
multidimensional models following the same concept would be suitable for identifying

candidate PI systems, if the data situation is sufficiently comprehensive.
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A. Structures of Employed PI Systems

A.1 PISystems in DVS and TGA measurements
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A.2 Additional PI Systems in TGA measurements
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B. Experimental Details

B.1 Measurement Methods

Powder X-ray diffraction (PXRD) measurements were conducted on a PANalytical X’Pert
Pro multipurpose diffractometer operating in Bragg-Brentano geometry and with a Cu
anode at 40 kV and 40 mA, and using an X-Celerator multichannel detector. Powder sam-
ples were mounted as loose powders on (100) Si wafers utilized as sample holders, while
film samples were attached to these wafers utilizing a thin layer of Vaseline or prepared
and cured directly on these wafers. The diffraction patterns were recorded mostly be-
tween 5°and 60°(20 Cu-Ka;), but also between 1°and 30°(26 Cu-K «;), with 80.01 s/step
(later 160.02 s/step) and a step size of 0.01 A, (later 0.02 A), while sample holders where
rotated during the measurements with 4 s/turn. As instrument control software PANa-
Iytical X’Pert-PRO version 2.2B (20140619) and version 2.2F (20161117) and for collecting
measurement data PANalytical Data Collector 5.3 - 6.0a were used. Single crystal X-ray
diffraction (SCXRD) analysis was carried out by Berthold Stoger on a Bruker KAPPA
APEX II diffractometer.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) analysis was con-
ducted on a Bruker Tensor 27 in ATR mode, equipped with a PIKE MIRacle single-
reflection ATR unit, using Bruker OPUS software (version 4.0) for data collection and
Spectragryph optical spectroscopy software (version 1.2.15) for data analysis.?’ Reso-
lution was set to 2-4cm™, and spectra were recorded from 4000 - 600 cm™. 'H and °F
solution nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AVANCE
250 and a Bruker AVANCE 400 equipped with 5 mm inverse-broad probe heads and z-
gradient units.

Optical microscopy was done on a LEICA M 125 microscope, images were taken using
the software LAS v3.7. Scanning electron microscopy (SEM) was performed by Mari-
anne Lahnsteiner and Miriam M. Unterlass using a Quanta 200F FEI microscope. For
that, samples were typically measured at 5kV or 10kV, with a working distance of 9 -
10 mm and spot size 2.0 or 2.5. Prior to analysis, samples were loaded on carbon-coated
stubs and coated by sputtering with Au/Pd 60/40 alloy layer of 17 nm thickness using a
Quarum Q105T S sample preparation system.
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B.2 Synthesis of Monomers

B.2.1 Synthesis of SFBABP (4,4’-bis(4-aminophenoxy)octafluoro-
biphenyl)

Preparation of 4,4’-bis(4-nitrophenoxy)octafluorobiphenyl

NO,

F FFE F F FF FQ
K,CO;

DMAc

F FF F

F FF F
O,N
Figure B.1
Entry Amount Molar Mass  Equivalents
Decafluorobiphenyl 9.01g  334.12gmol™ 1.00 eq.
4-Nitrophenol 825g  139.11 gmol™ 2.20 eq.
K,CO; 831g  138.21gmol™ 2.23 eq.

N,N-Dimethylacetamid, anhydrous 80 ml - -

Step 1: A 250-ml three-neck flask equipped with a magnetic stirrer, an argon inlet, a
thermometer and a reflux condenser was charged with dry N,N-dimethylacetamid, 4-ni-
trophenol and K,CO; while flushing with argon. While stirring and maintaining a slight
argon stream, decafluorobiphenyl was carefully added and residues were washed from
the beaker walls with small amounts of dry N,N-dimethylacetamid. A slight but clear
formation of gas bubbles emerging from the solution could be observed. The reaction
mixture was heated to approximately 68 °C and left to stir for 23 h while the temperature
of the solution slowly rose to 73 °C.

Step 2: The solution was left to cool down to room temperature and poured into 160 ml
of deionized water in order to precipitate the product. The resulting dispersion was cen-
trifuged at high rotational speeds for several minutes and decanted, after which the pre-
cipitate was redispersed, centrifuged and decanted two more times. It should be noted
that two centrifuge beakers shattered during that procedure, which led to significant
losses in product.

Step 3: The moist crude product (approx. 15 g) was dissolved in approximately 100 ml
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refluxing acetone and the solution was left to cool slowly down to room temperature,
while still being immersed in the warm oil bath. After leaving the product to crystallize
overnight, colorless and transparent single crystals were obtained yielding 78 % of the-
ory.

'H NMR (250 MHz, DMSO-d6:) § 5.01 (s, 4H), 7.55 (sex, 4H), 8.32 (sex, 4H)

YF NMR (250 MHz, DMSO-d6:) § -137.62 - -137.80 (m, 4F), —153.22 (sex, 4F)

This reaction was done following synthetic procedures found in literature. 26425

Preparation of 4,4’-bis(4-aminophenoxy)octafluorobiphenyl

No2 NH,

F, F F F Q
Hydrazine

o~ Y Yo

— »
Raney-Ni
MeOH F FF F

HN 8FAPBP
Figure B.2
Entry Amount Molar Mass  Equivalents
4,4’-Bis(4-nitrophenoxy)octafluorobiphenyl ~ 536g  572.32 g mol™ leq.
Hydrazine monohydrate 25ml 50.06 g mol™! 64 eq.
Raney nickel, aqueous slurry 253¢g - -
Methanol 100 ml - -

Step 1: A 250-ml three-neck flask equipped with a magnetic stirrer, an argon inlet, a
reflux condenser and pressure equalizing dropping funnel was charged with methanol
and the dinitro compound. The mixture was argon-bubbled for several minutes while
cooling it to 0°C in an ice bath. The aqueous slurry containing Raney-Ni was washed
into the mixture with the help of a few milliliters of methanol while keeping the argon
stream bubbling through the mixture. While keeping the mixture cooled in the ice bath,
hydrazine monohydrate was slowly added via the dropping funnel at approximately one
drop per second. A lively formation of gas bubbles emerging from the mixture could be
observed. The reaction mixture was stirred for approximately 24 hours while allowing

it to slowly warm up to room temperature.
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Step 2: Afterwards, the catalyst was separated from the solution by filtering the reaction
mixture over a few-centimeter thick pad of Celite. The resulting clear solution was par-
tially evaporated in a rotary evaporator, while greatest caution was exercised to ensure
the methanol and hydrazine vapors were condensed into the evaporator’s receiving flask
being filled with water and cooled in an ice bath. A reddish precipitate emerged from
the residual hydrazine-water azeotrope while evaporating. This mixture was cooled to
-20 °C overnight which caused more product to precipitate. Afterwards, the product was
filtered over a Por.3 glass filter and washed with deionized water several times before
drying it with air suction within the glass filter. The product obtained consisted of yel-
lowish, crystalline flakes yielding 73 % of theory.

'"H NMR (400 MHz, DMSO-d6): § 6.91 (sex, 4H), 6.56 (sex, 4H)

F NMR (400 MHz, DMSO-d6): § -139.05 - -139.12 (m, 4F), —-154.62 (sex, 4F)

B.2.2 Synthesis of oDFBz (3,3’-difluoromethylbenzidine)

F
Na(HCOO)
Pd/C, CTAB
2 BFQ— NH2 m’ HZN O O NHZ
F

F
Figure B.3

Entry Amount Molar Mass  Equivalents
4-Bromo-2-fluoroaniline 4.75g  190.01 g mol™ leq.
Sodium formate 35g 68.01 g mol’! 2eq.
Cetrimonium bromide (CTAB) 1.0g - -
Pd/C 0.50g - -
NaOH, 25 wt% solution 15ml - -

Note: This compound was synthesized by Markus Fitzka in the framework of a curricu-
lar internship and following synthetic procedures found in literature.*”®

Step 1: 4-Bromo-2-fluoroaniline, 1.7 g sodium formate, CTAB and Pd/C were added to
the NaOH solution and heated to reflux. After three hours another 1.8 g sodium formate
were added and the reaction was refluxed for another 24 h.

Step 2: After the reaction was complete, black and grey solids were visible, which were

filtered over a Biichner funnel and thoroughly washed with ethyl acetate. The product

134



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

contained within the aqueous filtrate was then extracted with ethyl acetate and washed
with water twice. The organic layer was dried with MgSQy, filtered and the solvent was
evaporated. The resulting black liquid was stored overnight at room temperature, lead-
ing to a black precipitate. The black solid was then purified by column chromatography.
For this, 70 g of silica gel were used as stationary phase and pure dichloromethane was
used as eluent. Three fractions were collected of which the first one contained the de-
sired product, which yielded 7.3 % of theory.

'H NMR (250 MHz, DMSO-d6): & 5.10 (s, 4H), 6.75 (t, 2H), 7.16 (dd, 4H)

B.2.3 Synthesis of oTFBz (3,3’-bis(trifluoromethyl)benzidine)

F1C F1C
CF, CF, cF,
Figure B.4

Entry Amount Molar Mass  Equivalents
5-Bromo-2-nitrobenzotrifluoride ~ 5.00g  270.00 g mol™ leq.

Copper granules 48¢g - -

Cul traces - -
N,N-Dimethylformamide 10ml - -

2N HCl - - -
Tetrahydrofuran - - -

Note: This compound was synthesized by Markus Fitzka in the framework of a curricu-
lar internship and following synthetic procedures found in literature. !

Step 1: The copper granules were milled with an agate mortar in order to increase its
reactive surface area. Then it was added to a reaction solution containing 5-bromo-
2-nitrobenzotrifluoride and a catalytic amount of Cul in DMF in a two-necked round
bottom flask, which was equipped with a magnetic stirrer and a reflux condenser. The
reaction mixture was heated to reflux for 72 h.

Step 2: After letting it cool down to room temperature, the solution was filtrated. The
filtrate was then poured into 200 mL of 2N HCI, leading to a yellow solution containing

fine orange particles. After adding another 200 mL of 2N HCI and subsequent stirring,

135



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

the solution was filtered again. The solvent was evaporated in a rotary evaporator and
the residual water was evaporated in a drying oven at 80 °C overnight, during which the
solid turned green overnight.

Step 3: The crude product was recrystallized in chloroform and precipitated at -20°C
overnight. The obtained yellow solid was then filtered off using a Biichner funnel, yield-
ing 20.4 % the dinitro compound.

"H NMR (250 MHz, DMSO-d6): § 8.31 (d, 2H), 8.43 (m, 4H)

Step 4: Prior to reduction, the dinitro compound was purified by sublimation at 180 °C
and a pressure of 2.5 pbar. The obtained purified dinitro compound was then reduced
with H, over Pd/C in a hydrogen autoclave, for which it was given into a glass vial
equipped with a magnetic stirrer and charged with methanol and catalytic amounts of
Pd/C. After giving the mixture into the autoclave, it was charged with 50 bar of H, three
times while stirring and then left under this reducing atmosphere for 20 h while the
pressure slowly decreased. Then a minor amount of tetrahydrofuran was added and the
mixture was filtered over a pad of Celite. After washing the Celite pad with tetrahydro-
furan several times, the solvent was evaporated off and the desired product was obtained
as violet powder in a quantitative yield.

'H NMR (250 MHz, DMSO-d6): & 5.62 (s, 4H), 6.90 (d, 2H), 7.55 - 7.47 (m, 4H)

B.2.4 Synthesis of DATP (4,4”’-diamino-p-terphenyl)

Preparation of 4,4”’-dinitro-p-terphenyl

OO0 war OO0

Figure B.5
Entry Amount Molar Mass  Equivalents
p-Terphenyl 20.59g  230.31 gmol’! leq.

Red fuming nitric acid 30 ml - -

Glacial acetic acid 300 ml - -

Step 1: A 250-ml three-neck flask equipped with a rather big magnetic stirrer, a reflux

condenser and pressure equalizing dropping funnel was charged with terphenyl and
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50 ml of glacial acetic acid. The mixture was cooled to approximately 0 °C in an ice bath
and the fuming nitric acid was added dropwise over the course of 30 min while stirring
vigorously. The stirring was continued for 20 min while allowing the solution to slightly
warm up to room temperature. Afterwards, the mixture was warmed to approximately
70 °C with a heat gun and stirred for another 30 min, after which another 100 ml of acetic
acid were added while allowing the mixture to stir for another 30 min.

Step 2: The precipitate contained in the reaction mixture were filtered over a Por.3 glass
filter and washed three times with 50 ml acetic acid each and subsequently washed three
times with approximately 25 ml of acetone, yielding 33.4 % the yellowish dinitro com-
pound.

'H NMR (250 MHz, DMSO-d6): & 7.08 (s, 4H), 8.06 (d, 4H), 8.34 (d, 4H)

This reaction was done following synthetic procedures found in literature.?%*"

Preparation of 4,4”’-Diamino-p-terphenyl

Hydrazine
A B S e A e
Pd/C

DATP
Figure B.6
Entry Amount Molar Mass  Equivalents
4,4”-Dinitro-p-terphenyl ~ 5.28 g 320.30 g mol™ 1eq.
Hydrazine monohydrate 40g - 60 eq.
Pd/C 0.53g - -
2-Methoxyethanol 250 ml - -

Step 1: A 500-ml three-neck flask equipped with a magnetic stirrer, an argon inlet, a re-
flux condenser and pressure equalizing dropping funnel was charged with 2-methoxy-
ethanol, the catalyst and the dinitro compound. The mixture was argon-bubbled for
several minutes before hydrazine monohydrate was slowly added via the dropping fun-
nel at approximately one drop per second, which yielded a yellowish green suspension.
Step 2: The reaction mixture was slowly heated up to 80 °C, which led to the dissolu-
tion of the starting product, while keeping a mild but constant stream of argon. After
two hours of stirring, the reaction mixture was heated to reflux and kept for one more

hour. Afterwards, the hot reaction mixture was filtered the over a few-centimeter thick
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pad of Celite, in order to separate the catalyst and the filter pad was washed two times
with 15 ml of methoxyethanol. The resulting clear solution was partially evaporated in a
rotary evaporator, while greatest caution was exercised to ensure the hydrazine vapors
were condensed into the evaporator’s receiving flask being filled with water and cooled
in an ice bath. An white precipitate emerged from the residual solvent while evaporating.
This mixture was cooled to -20 °C overnight which caused more product to precipitate.
Afterwards, the product was filtered over a Por.3 glass filter and washed with deionized
water and cold acetone several times before drying it with air suction within the glass
filter. The product obtained consisted of off-white crystalline flakes yielding 93 % of the-
ory.

'H NMR (250 MHz, DMSO-d6): & 5.22 (s, 4H), 6.69 - 6.63 (m, 4H), 7.42 - 7.36 (m, 4H), 7.55
(s, 4H)
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C. PXRD Diffractogram Collection
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Figure C.1: PXRD patterns of a hydrothermally synthesized PMDA-pPDA P1I, its monomer-salt precursor,
and of a PI film of the same system.
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Figure C.2: PXRD patterns of a hydrothermally synthesized PMDA-mPDA PI, its monomer-salt precursor,
and of a PI film of the same system.
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Figure C.3: PXRD patterns of a hydrothermally synthesized PMDA-Bz PI, its monomer-salt precursor,
and of a PI film of the same system.
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C.4 PMDA-DATP
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Figure C.4: PXRD patterns of a hydrothermally synthesized PMDA-DATP PI, its monomer-salt precursor,

and of a PI film of the same system.
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Figure C.5: PXRD patterns of a hydrothermally synthesized sSBPDA-pPDA PI, its monomer-salt precursor,

and of a PI film of the same system.
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Figure C.6: PXRD patterns of a hydrothermally synthesized sSBPDA-mPDA PI, its monomer-salt precur-

sor, and of a PI film of the same system.
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Figure C.7: PXRD patterns of a hydrothermally synthesized PI and of a PI film of the sBPDA-1FmPDA

system.
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Figure C.8: PXRD pattern of a PI film of the sSBPDA-4FPDA system.
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Figure C.9: PXRD patterns of a hydrothermally synthesized sSBPDA-Bz PI, its monomer-salt precursor,
and of a PI film of the same system.
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Figure C.10: PXRD patterns of a hydrothermally synthesized sSBPDA-DATP PI, its monomer-salt precur-
sor, and of a PI film of the same system.

C.11 PMDA-oDMBz

0.4 0.7 1.1 1.4 1.8 2.1 2.5
1 1 ] 1 I
—HT-PI
=3
jas]
—
_.i_>_p — Monomer Salt
g7
o
L
-
=
—{
T T T T T

5 l 10 l 15 I 20 ' 25 l 30 ‘ 35
20 [] (Cu-Ka,)

Figure C.11: PXRD patterns of a hydrothermally synthesized PMDA-oDMBz PI, its monomer-salt pre-
cursor, and of a PI film of the same system.
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Figure C.12: PXRD patterns of a hydrothermally synthesized PMDA-mDMBz PI, its monomer-salt pre-
cursor, and of a PI film of the same system.

C.13 PMDA-0oTMBz
q [A]

0.4 0.7 1.1 1.4 1.8 2.1 2.5
1 1 1 1 |
—HT-PI
=3
jas]
—
>
=
v
8 — Monomer Salt
,—
=
—{
T T T T T T T T T T v
5 10 15 20 25 30 35

20 [] (Cu-Ka,)

Figure C.13: PXRD patterns of a hydrothermally synthesized PMDA-0oTMBz PI and its monomer-salt
precursor.
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C.14 PMDA-oDIAN
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Figure C.14: PXRD patterns of a hydrothermally synthesized PMDA-0DIAN PI, its monomer-salt precur-

sor, and of a PI film of the same system.
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Figure C.15: PXRD pattern of a hydrothermally synthesized PMDA-0TFBz PL
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Figure C.16: PXRD patterns of a hydrothermally synthesized PMDA-mTFBz PI, its monomer-salt precur-
sor, and of a PI film of the same system.
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Figure C.17: PXRD pattern of a hydrothermally synthesized PMDA-0TFBz PI and its monomer-salt pre-
CUISOT.
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C.18 PMDA-oDHBz
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Figure C.18: PXRD patterns of a hydrothermally synthesized PMDA-0oDHBz PI and its monomer-salt

precursor.

C.19 PMDA-sODA
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Figure C.19: PXRD patterns of a hydrothermally synthesized PMDA-sODA PI, its monomer-salt precur-

sor, and of a PI film of the same system.
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C.20 PMDA-aODA
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Figure C.20: PXRD patterns of a hydrothermally synthesized PMDA-aODA P, its monomer-salt precur-

sor, and of a PI film of the same system.

C.21 PMDA-pBAPB
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Figure C.21: PXRD patterns of a hydrothermally synthesized PMDA-pBAPB PI, its monomer-salt pre-

cursor, and of a PI film of the same system.
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Figure C.22: PXRD patterns of a hydrothermally synthesized PMDA-mBAPB PI, its monomer-salt pre-
cursor, and of a PI film of the same system.

C.23 PMDA-pBISA
q [A]

0.4 0.7 1.1 1.4 1.8 2.1 2.5 2.8 3.1
1 1 1 ] 1 1 1
L—J\]M o
=3
jas]
—
_E]w — Monomer Salt
g7
o
L
-
=
—{
—PI Film
T T T T T T T T T T T T T T T
5 10 15 20 25 30 35 40 45

20 [] (Cu-Ka,)

Figure C.23: PXRD patterns of a hydrothermally synthesized PMDA-pBISA PI, its monomer-salt precur-
sor, and of a PI film of the same system.

150



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub
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Figure C.24: PXRD patterns of a hydrothermally synthesized PMDA-mBISA PI and its monomer-salt
precursor.
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Figure C.25: PXRD patterns of a hydrothermally synthesized PMDA-APBP PI, its monomer-salt precur-
sor, and of a PI film of the same system.
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Figure C.26: PXRD patterns of a hydrothermally synthesized PMDA-8FAPBP PI, its monomer-salt pre-
cursor, and of a PI film of the same system.
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Figure C.27: PXRD patterns of a hydrothermally synthesized PMDA-BAPP PI and its monomer-salt pre-
CUISOr.
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C.28 PMDA-6FBAPP
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Figure C.28: PXRD patterns of a hydrothermally synthesized PMDA-6FBAPP PI and its monomer-salt
precursor.
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Figure C.29: PXRD patterns of a hydrothermally synthesized PMDA-MDA PI and its monomer-salt pre-
CUISOT.
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Figure C.30: PXRD patterns of a hydrothermally synthesized PMDA-DAF PI and its monomer-salt pre-
Cursor.
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Figure C.31: PXRD patterns of a hydrothermally synthesized PMDA-DADF PI and its monomer-salt
precursor.
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Figure C.32: PXRD patterns of a hydrothermally synthesized PMDA-BAPF PI and its monomer-salt pre-
Cursor.
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Figure C.33: PXRD patterns of a hydrothermally synthesized PMDA-MeBAPF PI and its monomer-salt
precursor.
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Figure C.34: PXRD patterns of a hydrothermally synthesized sODPA-pPDA PI and its monomer-salt
precursor.
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Figure C.35: PXRD patterns of a hydrothermally synthesized sODPA-mPDA PI and its monomer-salt
precursor.

156



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

C.36 sODPA-Bz

q [A]

0.4 0.7 1.1 1.4 1.8 2.1 2.5
1 1 1 | |
—HT-PI
.
o]
[SS——
-'? Monomer Salt
1751
S
(B
-—
=
|
— PI Film
T T T T T T T ¥
5 10 15 20 25 30 35

Figure C.36: PXRD patterns of a hydrothermally synthesized sODPA-Bz PJ, its monomer-salt precursor,

and of a PI film of the same system.

C.37 sODPA-oDIAN
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Figure C.37: PXRD patterns of a hydrothermally synthesized sODPA-oDIAN PI, its monomer-salt pre-

cursor, and of a PI film of the same system.
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Figure C.38: PXRD patterns of a hydrothermally synthesized sODPA-mDMBz PI and of a PI film of the
same system.

C.39 sODPA-oDMBz
q [A]

0.4 0.7 1.1 1.4 1.8 2.1 2.5

—HT-PI

Intensity [a.u.]

— Monomer Salt
5 10 15 20 25 30 35

20 [] (Cu-Ka,)

Figure C.39: PXRD patterns of a hydrothermally synthesized sODPA-oDMBz PI and its monomer-salt
precursor.
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Figure C.40: PXRD patterns of a hydrothermally synthesized sODPA-mTFBz PI and of a PI film of the
same system.
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Figure C.41: PXRD patterns of hydrothermally synthesized sODPA-sODA, sODPA-aODA, aODPA-sODA,
and aODPA-aODA systems.
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Figure C.42: PXRD patterns of a hydrothermally synthesized aODPA-pPDA PI and its monomer-salt
precursor.
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Figure C.43: PXRD patterns of a hydrothermally synthesized aBDPA-pPDA PI and of a PI film of the
same system.
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Figure C.44: PXRD patterns of a hydrothermally synthesized BTDA-pPDA PI and its monomer-salt pre-
CUISOT.

C.45 Various PI Systems
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Figure C.45: PXRD patterns of hydrothermally synthesized PMDA-DABP, BTDA-DABP, BPADA-pPDA,
DSDA-pPDA, BPAF-pPDA and BPAF-BAPF systems.
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D. Supplementary Data: DVS

D.1 Influence of Specimen Dimensions
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Figure D.1: Measurements of two different spin-coated PMDA-Bz samples using the first measurement
method. The black line depicts the mass change of an approx. 1.85 cm?-sized specimen having a thickness
of less than 10 pm, the red line depicts the mass change of an approx. 0.96 cm?-sized specimen having a
thickness of more than 20 pm, and the blue line depicts the targeted RH of this program.

D.2 Data Series Obtained from DVS measurements
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Figure D.2: Full refined measurement profile (116 h total length, two specimens) of PMDA-pPDA used
for determining both moisture uptake and diffusion coefficients. The red line depicts the relative sample
mass, the gray line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.3: Each sorption step of the refined PMDA-pPDA measurement, separated for calculating the
diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.4: Initial measurement profile (70 h total length) of PMDA-pPDA, excluded from obtaining re-
sults for moisture uptake or diffusion coefficients due to insufficient step duration. The red line depicts
the relative sample mass, the gray line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.5: Each sorption step of the discarded PMDA-pPDA measurement, separated for calculating the
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(discarded) diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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D.2.2 PMDA-Bz
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Figure D.6: Full refined measurement profile (116 h total length, two specimens) of PMDA-Bz used for
determining both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass,
the gray line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.7: Each sorption step of the refined PMDA-Bz measurement, separated for calculating the dif-
fusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.8: Initial measurement profile (70 h total length) of PMDA-Bz, excluded from obtaining results
for moisture uptake or diffusion coefficients due to insufficient step duration. The red line depicts the

2.5 A
2.0 1
1.5

1.0

o\ 7

Moisture Uptake [wt%]

0.0 4

r 80

r 60

40

Relative Humidity [%RH]

T
~
o

0 10 20 30

40

Time [h]

50 60 70

relative sample mass, the gray line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.9: Each sorption step of the discarded PMDA-Bz measurement, separated for calculating the
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(discarded) diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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D.2.3 PMDA-DATP
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Figure D.10: Full refined measurement profile (116 h total length, two specimens) of PMDA-DATP used
for determining both moisture uptake and diffusion coefficients. The red line depicts the relative sample
mass, the gray line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.11: Each sorption step of the refined PMDA-DATP measurement, separated for calculating the
diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.12: Initial measurement profile (70 h total length) of PMDA-DATP, excluded from obtaining
results for moisture uptake or diffusion coefficients due to insufficient step duration. The red line depicts
the relative sample mass, the gray line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.13: Each sorption step of the discarded PMDA-DATP measurement, separated for calculating
the (discarded) diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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D.2.4 sBPDA-pPDA

Figure D.14: Full refined measurement profile (116 h total length, two specimens) of sSBPDA-pPDA used
for determining both moisture uptake and diffusion coefficients. The red line depicts the relative sample
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mass, the gray line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.15: Each sorption step of the refined sBPDA-pPDA measurement, separated for calculating the
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diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.16: Initial measurement profile (70 h total length) of sSBPDA-pPDA, excluded from obtaining
results for moisture uptake or diffusion coefficients due to insufficient step duration. The red line depicts
the relative sample mass, the gray line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.17: Each sorption step of the discarded sSBPDA-pPDA measurement, separated for calculating
the (discarded) diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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D.2.5 sBPDA-Bz
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Figure D.18: Full refined measurement profile (116 h total length, two specimens) of sBPDA-Bz used for
determining both moisture uptake and diffusion coefficients, including separately repeated measurements
for the 20 %ZRH ab- and desorption steps and the 85 %RH desorption step. The red lines depict the relative
sample mass, the gray lines depict the targeted RH and the blue lines depict the actual RH.
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Figure D.19: Each sorption step of the refined sBPDA-Bz measurement, separated for calculating the
diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.20: Full refined measurement profile (116 h total length, two specimens) of sSBPDA-DATP used
for determining both moisture uptake and diffusion coefficients. The red line depicts the relative sample
mass, the gray line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.21: Each sorption step of the refined sSBPDA-DATP measurement, separated for calculating the
diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.22: Initial measurement profile (70 h total length) of sSBPDA-DATP, excluded from obtaining
results for moisture uptake or diffusion coefficients due to insufficient step duration. The red line depicts
the relative sample mass, the gray line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.23: Each sorption step of the discarded sSBPDA-DATP measurement, separated for calculating
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the (discarded) diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.24: Full refined measurement profile (46 h total length) of PMDA-APBP used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.25: Each sorption step of the refined PMDA-APBP measurement, separated for calculating the
diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.26: Full refined measurement profile (46 h total length) of PMDA-8FAPBP used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.27: Each sorption step of the refined PMDA-8FAPBP measurement, separated for calculating
the diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.28: Full refined measurement profile (46 h total length) of sSBPDA-mPDA used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
line depicts the targeted RH and the blue line depicts the actual RH.

0.040 0.000 A i
—— sBPDA-mPDA: Desorption | 20 %RH
0.035 ~0.005 4 —— Fitted function: R? = 0.98537
5 0.030 S _0.010 D = 4.77E-09 cm?s!
E E
g 0.025 ﬂ =0.015 A
© [o]
g 0.020 ;‘1 ~0.020 4
% 0.015 § ~0.025 1
S o010 . i " 8 _ i
— sBPDA-mPDA: Absorption | 20 %RH 0.030
0.005 —— Fitted function: R? = 0.97896 —0.035
D = 5.40E-09 cm?s~*
0.000 . . ‘ i ‘ ~0.040 4 i i .
0.0 0.5 1.0 15 2.0 2.5 3.0 0 1 2 3 a
Step Time [h] Step Time [h]
008 ] 000 —— sBPDA-mPDA: Desorption | 50 %RH
—— Fitted function: R? = 0.98395
= 5 -002- D = 5.25E-09 cm?s—*
E 0064 E
QO o
2 =
z L 004
S 004 5
@ [
E E
5 -5 -0.06
= 0024 —— sBPDA-mPDA: Absorption | 50 %RH | =
— Fitted function: R? = 0.97597
D = 6.57E-09 cm?s-} 0081
0.00 4
0 1 2 3 a 5 o 1 2 3 a 5 6
Step Time [h] Step Time [h]
0.144 0.00 :
—— sBPDA-mPDA: Desorption | 85 %RH
0.12 —0.02 1 —— Fitted function: R? = 0.97376
_ —_ D = 5.63E-09 cm?s~?!
20104 2
£ £ -0.04
" o
E 0.08 - E —0.06 |
£y S
@ 0.06 1 @ -0.08 4
2 2
'g 0.04 1 'g —-0.10 4
= —— sBPDA-mPDA: Absorption | 85 %RH | =
0.021 —— Fitted function: R? = 0.89675 ~0.12
D = 6.43E-09 cm?s-?
0.001 ~0.14
0 2 i 6 8 10 0 1 2 3 a 5 6
Step Time [h] Step Time [h]

Figure D.29: Each sorption step of the refined sBPDA-mPDA measurement, separated for calculating the
diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.30: Full refined measurement profile (46 h total length) of sSBPDA-1FmPDA used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.31: Each sorption step of the refined sBPDA-1FmPDA measurement, separated for calculating
the diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.32: Full refined measurement profile (46 h total length) of sSBPDA-4FmPDA used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.33: Each sorption step of the refined sBPDA-4FmPDA measurement, separated for calculating
the diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.34: Full refined measurement profile (46 h total length) of PMDA-[0.3-mPDA+0.7-pPDA] used
for determining both moisture uptake and diffusion coefficients. The red line depicts the relative sample
mass, the gray line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.35: Each sorption step of the refined PMDA-[0.3-mPDA+0.7-.pPDA] measurement, separated for
calculating the diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.36: Full refined measurement profile (46 h total length) of PMDA-sODA used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.37: Each sorption step of the refined PMDA-sODA measurement, separated for calculating the
diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.38: Initial measurement profile (45.5 h total length) of PMDA-sODA, excluded from obtaining
results for moisture uptake or diffusion coefficients due to insufficient step duration. The red line depicts
the relative sample mass, the gray line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.39: Each sorption step of the discarded PMDA-sODA measurement, separated for calculating
the (discarded) diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.40: Full refined measurement profile (46 h total length) of PMDA-aODA used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.41: Each sorption step of the refined PMDA-aODA measurement, separated for calculating the
diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.42: Full refined measurement profile (46 h total length) of PMDA-pBAPB used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.43: Each sorption step of the refined PMDA-pBAPB measurement, separated for calculating the
diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.44: Initial measurement profile (46 h total length) of PMDA-pBAPB, excluded from obtaining
results for moisture uptake or diffusion coefficients due to a measurement error occuring in a key position
during the 50 %RH absorption step . The red line depicts the relative sample mass, the gray line depicts
the targeted RH and the blue line depicts the actual RH.
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Figure D.45: Each sorption step of the discarded PMDA-pBAPB measurement, separated for calculating
the (discarded) diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.46: Full refined measurement profile (46 h total length) of PMDA-mBAPB used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.47: Each sorption step of the refined PMDA-mBAPB measurement, separated for calculating
the diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.48: Full refined measurement profile (46 h total length) of PMDA-pBISA used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.49: Each sorption step of the refined PMDA-pBISA measurement, separated for calculating the
diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.50: Full refined measurement profile (46 h total length) of PMDA-mDMBz used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.51: Each sorption step of the refined PMDA-mDMBz measurement, separated for calculating
the diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.

187



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfiigbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

D.2.19 PMDA-mTFBz

2.00 4 ]
‘ L 8o
1.75 4
~ 1.50 1 T
% - 60 5
Z1.25 4 =
¢ =y
© 3
= 1.00 - £
=1 F40 =
E I
50.75 1 ]
A =
[} o
= 0.50 - 20 &
0.25 1
0.00 - g FO
0 10 20 30 40
Time [h]

Figure D.52: Full refined measurement profile (46 h total length) of PMDA-mTFBz used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.53: Each sorption step of the refined PMDA-mTFBz measurement, separated for calculating the
diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.54: Full refined measurement profile (46 h total length) of PMDA-0DIAN used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.55: Each sorption step of the refined PMDA-0DIAN measurement, separated for calculating the
diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.56: Full refined measurement profile (120 h total length) of sODPA-Bz used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.57: Each sorption step of the refined SODPA-Bz measurement, separated for calculating the
diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.58: Initial measurement profile (46 h total length) of sODPA-Bz, excluded from obtaining results
for moisture uptake or diffusion coefficients due to insufficient step duration. The red line depicts the
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relative sample mass, the gray line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.59: Each sorption step of the discarded sODPA-Bz measurement, separated for calculating the
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(discarded) diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.60: Full refined measurement profile (46 h total length) of sODPA-mDMBz used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.61: Each sorption step of the refined PMDA-mDMBz measurement, separated for calculating
the diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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D.2.23 sODPA-mTFBz

Figure D.62: Full refined measurement profile (46 h total length) of PMDA-mTFBz used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
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line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.63: Each sorption step of the refined PMDA-mTFBz measurement, separated for calculating the

diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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Figure D.64: Full refined measurement profile (46 h total length) of SODPA-0DIAN used for determining
both moisture uptake and diffusion coefficients. The red line depicts the relative sample mass, the gray
line depicts the targeted RH and the blue line depicts the actual RH.
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Figure D.65: Each sorption step of the refined sODPA-0oDIAN measurement, separated for calculating the
diffusion coefficients by fitting CRANK’s mass diffusion formula to the data series.
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