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ABSTRACT

Hybrid inorganieorganic resins may provide higher temperature performance in
oxidizing environmentshan their organic counterparhthalonitrile (PN) polymers are
excellent candidates for hybridizat due to their high thermal stability and glass transition
temperatures anitheir need for improved longerm oxidative stability and toughness. In
this work phenysubstituted organosilicon linkages were incorporated into PN monomers
to investigate theieffect on the processing, thermeechanical properties, and thermal
and oxidative stability. Three hybrid silicaontaining phthalonitrile monomers were
synthesized incorporating diphenoxydiphenylsilane, tetraphenylsilane, and
hexaphenyldisiloxane moiet. Processabilitpf the polymersvas highly dependent on
catalyst content and an ideal concentration was determined. The impact on glass transition,
coefficient of thermal expansion, stability in TGA, and ldagn oxidative stability at 250
°C was evalated.As-synthesizednaterialsperformedsignificantly better tharpolymers
produced frompurified monomers Degradation of the tetraphenylsilapbthalonitrile
monomer was examined in detail via-TREA and analysis of aged samples. Multiple
degradations were identified involving both the organic and hybrid sections of the polymer.
Synthesized materials are compared with commercial phthalongféeence materials
and to other silicoqphthalonitriles in recent literatur&xplanations of behavior and

suggestions for future improvements are provided.
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GENERAL AUDIENCE ABSTRACT

High temperature plasscand plastic composites are needed for electronics and
aerospace componen®hthalonitriles (PNs) are one chemistry that shows promise for
these apptiations PN materials show excellent stability and strength at high temperatures.
In this work, the inclusion of silicenontaining linkagesto PN plasticsvas investigated
with the intention of improving the properties and ldagn stability in airat high
temperaturesThree silicorcontaining PN compounds were produced. The processing of
unrcured resins was characterized and optimized. Resins therecured at high
temperaturesE a ¢ h  p osoftening points thermal expansion, and stability inaaid
underinert conditions were evaluated. The effect of purity was considered, and it was
found that agproduced PN plastics behaved better than highly purified PN plastics. The
degradation reactions were studied during {eTgn exposure to high tempearegs and
shortterm exposure to even higher temperatures. These sdmutaining PN materials
were also compared with commercial PN plastics and with other PN literature.

Explanations of behavior and suggestions for future improvements are provided.
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1 Introduction
The inclusion of organosilicon moieties into phthalonitrile resins may provielaséble route
to maintaining processing characteristics while improving thesridative stability for high

temperature applications.

Since the onset of research into high tempe
governed by technological needconomic opportunity, and academic pursdibday, high
temperature materials are a small but critical class of polymers, present in many applications that
touch our daily livesApplicationsfor thermally andenvironmentally stable polymensclude: 1)
aerospace composit&y electronics and microelectroni@).space applications 4)ptoelectronics
and otheroptical applications5) structural reinforcements, &utomotive parts including
composits for high performance vehiclebrake padsbinders and filters, 7)otherfilters and
membranes 8) structuraihd insulatindoams, 9) fire resistant materiald,) tooling, 12) moldings,

13) coatings, 14) gaskets, sealants, tubing, and mped5) components for the energy sector
including geothermahucleay and petroleum systent$

Specifically, in this work, motivation is derived from aerospace composites and widgdyand
power modules. For aerospamanposites, polymer matrix materials are needed forlerng use
above 300C. High temperature polymers and polymer composites are required for advancement
of supersonic and hypersonic aircraft as well as subsonic civilian traf%Reglacement of metal
structures with polymer composites results in valuable weight savings, and in turn improvements
in performance and fuel efficienéySimilarly, polymer encapsulation compounds are an enabling
techndogy for wide banegap power modules for use above 28D Such devices promise
improved thermal and mechanical durabiliigwer power losses, higher switching speadd
current densities, increased durability and reliability, greater resistance tmgoradiation,and
reduced weight* The opeating temperaturefor both applicationsre well above the useful

range for other polymers including silicones and epoxies.

In polymers, continuous exposure at elevated temperatures or intermittent exposure to extreme
temperatures results in chemical apldysical aging and decomposition. Mass loss, volume
shrinkage, cracking, discoloration, and a degradation of themgeihanical and mechanical

properties can occdf. High tenperature polymers must be ableresistdegradation otheir



propertiegduring operation iextreme environmentsith long exposure timegsyclic heatingand

intense temperature spikes.

Many different chemistries have been evaluated and developed iitclyalyimides,
bismaleimides, phenolics and benzoxazines, fluorinated polymergapdéne ethe)s cyanate
esters, and phthalonitrileldowever, opportunities for improvement exist as applications demand
greater temperature capabilities and improved procesRiegins are sought with reduced cost,
good solubility in common solvents, low softenitegnperatures, stable and easily controéabl
melt viscosities, large processing windows, lower cure temperatures, and minimal volatile
evolution. For processed polymers, even greater thermal and oxidative stability, higher glass
transition temperatures, improved toughnessiellent mechanical strygth and modulysand
improved retention of mechanical properties at elevated temperatures are desired. A greater

understanding of degradation and aging mechanisms is also féeded.

One resin system currently growing in popularity is phthalonitriles (PNs). PN based resins show
great promise for high temperature applications and easier procédsssgrch into phthalonitrile
polymers began in earnest at the U.S. Naval Reseaech i n t PitbaloditBlé8n@odosners
possess low melt viscosities and are soluble in many common sol@aritsy occurs at elevated
temperatures with the addition of a catalyst, usually a thermally stable aromatic amine. The curing
reaction progress by addition polymerization via the phthalonitrile cyano groups and does not
produce volatile byroducts, facilitating the fabrication of dense compon&n®tateof-the-art
cured resins possess high flammability resistance, excellent mechanical and dielectric properties,
and low water absorptioh619

Although these materials show exceptional thermal and oxidative stability in thermogravimetric
experiments and during hours of exposure at temperatures betwed@@&n® * 2928 their long
term thermeoxidative stability requires improvement to meet the challenging demands of the
extreme applications. During longer exposute air at high temperatures, many phthalonitrile
polymers experience significant weight losses, volume shrinkage and crackirg?® 26 2°
Furthermore, oxidative aging studies of durations longer than 48 hours and subsequent analysis of
degradation regions, are rarely reported in phthalonitrile literature. Such experiments are critical

in gaining an understanding of material degradamodes and behavior in service.



The incorporation of inorganigroupsinto the organic monomer backbone of polymers often
provides a viable route for improved stabiligd toughnesduring service at high temperatures
in oxidizing environment$> %° The inclusion of silicormoietieshas been reported to improve
oxidative stability and flammability of high temperature polymers including cyanate’€$§tand
polyimide system&*** As oxygen and free radicals cleave carsditon bonds, siloxy units are
formed. These siloxy moieties may interact to produce the inert phasdrstfis case, a silica
rich surface layer forms. This layer can act d&maier, reducing the ragef degradation of the
surface and oxygen diffusion into the b&fK®

Thus, it is of interest to evaluate the effects ofitfedusion of siliconcontaining linkages on
the properties of high temperature polymers, including phthalonitriles. Phthalonitriles are good
candidates for hybridization with organosilicon moieties due to their ease of processing and high
glass transitiortemperature$® ° Prior to beginning investigations for this dissertation, little
research existed on silicamontaining phthalonitrile resinslowever, in the last few years several
groups have produced and characterized sHmmntaining phthalonitrile compounds. Examples
include silane? silazane! oxysilane3® *siloxane® *3and sisesquioxane moieitie$. Additional
groups have synthesized silicoantaining phthalonitrile compounds but did not report their
properties as neat phthalonitrile resifig’ While the silicorphthalonitrile materials synthesized
by these groups exhibited high thermal and theoxidative stability in shortterm
thermogravimetrieexperiments, emphasis was generally placed on developsngs with low

softening points and lorgrm stability was not characterized.

Design of hybrid orgaic-inorganic polymers is not a trivial matter however. Inclusion of
organosilicon moieties does not in itself guarantee improvements. Literature suggests there are a
number of design considerations to keep in mind to achieve desirable properties. Raegxam
avoidingthe use obenzylic ormethylene bridges, the presence of phenyl functional groups on the
silicon, and limiting the length of silicecontaining linkages are a few approacheportedo
achieve higher glass transitions and theormlative $abilities.

The purpose of this work is to investigate the processing, properties, and degradations of the
silicon-containingphthalonitrile resins for high temperature applications. Background is provided
on relevant properties and measurement technicuigh temperature polymers in general,

phthalonitriles, and several classes of organosilicon polymers. While a plethora of similar
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compounds to those discussed in this dissertation have been synthesized and evaluated in literature
for otherpurposesfocus here is placed primarily on high temperature applications. Thus, this work

is not intended to be comprehensive of all related compounds and chemistries. In dddii®n,

was placed on silane, oxysilane, and siloxane chemistries. While polymers cantaaty
octahedral silsesquioxane (PO®83ilazane (SN) linkagesare discussed briefly, they are mostly
outside the scope of this work. A thorough investigation of various chemical synthesis techniques

is also not included, though some informationrsvled for phthalonitriles and polyimides.

Based on available literaturéyée monomer structures were selected containing carboxysilane
(C-0O-Si-O-C), carbosilane (&i-C), and carbosiloxane linkages-8&0O-Si-C). The processing
and properties of these silic@montaining phthalonitriles were evaluateWhile similar
compounds with diphemgubstitution have been recently investigated in literature the three
monomers considered in this manusctipve not been invegjated3® 5*2 Furthermore, this
manuscript addresses the complex degradation mechanisms of-sdittaming phthalonitriles.
It also includes informadn not often reported for phthalonitrile resins, such as coefficient of
thermal expansion and losigrm 4000 hour) oxidative aging behavior. Synthetic routes were
developed, and the monomers and their precursors were synthesized in high yields. Compounds
were analyzed by nuclear magnetic resonance spectroséapyjer transform infrared
spectroscopy, elemental analysksray crystallographyand differential scanning calorimetry.
The monomers were mixed with a catalytic amounbisf4-(4-aminophenoxy)penyl)sulfone.
The prepolymer mixtures were analyzed by differential scanning calorimetry and parallel plate
rheology. The effect of purity and catalyst content were considered. The resins were cured to 350
375 °C under nitrogen. Cured polymer samples aveinaracterized by acoustic density scans,
Fourier transform infrared spectroscopy, differential scanning calorimetry, thregubanical
analysis, dynamic mechanical analysis, thermogravimetric analysis, infrared spectroscopy
thermogravimetric analysis, d@an oxidative aging study. Glass transitions, coefficients of thermal
expansion, and degradations in air and nitrogen are reported. After exposure to air for 5000 hours
at 250 °C, aged carbosilapéthalonitrile samples were removed and analyzed by optica
microscopy, energy dispersive spectroscopy, Fourier transform infrared spectroscopy, Knoop
hardness measurements, &rday micraecomputed tomography. Four zones of degradation were
identified. Chemical and physical changes were observed providing tnsigh degradation

routes.



2 Backgroundnformation
2.1 High Temperature Polymers

In this section background information is provided on polymers for high temperature use,
including a brief history of these materials, relevant properties and measurement &hniqu
specific polymerchemistriesdesign considerations, and commercial applicatiGosd reviews
of high temperature polymers are providedHsrgenrother (updated by Conné)l, Law®, and
Tant et at® Hergenrothérdefines high temperatures polymeassfitting the following criteria: 5
% weight loss in thermogravimetrioalysis at temperatures higher than 460little weight loss
(0.5 wt%/hour) at temperatures above 4%0 glass transition temperatures above 200heat
deflection temperaturegove 177C (10 % deflection at 1.52 MPa of load), retention and stability
of properties at greater than 10,000 hours at’C7{and possessing adequate properties above 177

°C. Most of the materials discussed in this manuscript meetajorityof thesecriteria.

2.1.1 Brief History of High Temperature Polymers

While some materials had been investigated prior, high temperature polymer research began in
earnest in the 19%6),just after theSecond World WamlNew materials were required for electronics
and aerspace applications due to significant growth in those industries as well as the beginning
of theSpace Racand theCold War' *®Over the next four decades, sporadic funding dictated ups
and downs in the intensity of research. Many materials were investigated and developed that had
outstanding properties at high temperatures, resistance to solvents and other chemicals, UV and
radigion resistance, and excellent dielectric properfiddowever, very few found commercial
success. This was due to the difficulty and thus higher cost of progelsigiher cost of feedstock
materials and resins, and unstable and niche market. Some companies were successful in bringing
their materials to market and overcoming the difficulties of higher temperature processing,

component fabrication, and cost. Cuthgr sizable demand exists for these materfals.

I n the 19600s a considerable amount of progr
containing heterocydi moieties were produced. At first, research focused on thermal stability
with little regard to processing characteristics or mechanical propeRigysulfone, one of the
first commercial poly(arylene ether) polymers, was introduced during this time period. The
beginning of the 196006s also saw focus and sul

polybenzimidazoles never dod substantial commercial success, the research enabled
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development of other polymers that cure by heterocyclic ring formafibie. moscommercially
successful class of high temperature polymers, polyimides, were developed and marketed by E. I.
du Pont de Nemours and Company (DuPont) during this dé&Adeong these materials was the
polyimide film, Kaptod™. Since its introduction, it has retained the largest market value of any
high temperature polymer material. Other polyimides were also introduced by Dupont and

Monsanto for polymer coposites, molding materials, and wire enamel.

In the 197@s several advances were made. Thermosetting polyimide polymers were developed
at NASA Lewis Research CenteA thermoplastic polyimide, Ulteff was first produced by
General Electric. Polybenzoxazoles, and other various-migidoolymers were produced by the
Air Force Research Laboratory at Wright Patterson and then further developed by Dow Chemical.
A nadic endcapped polyimide, called PMB wa developed at NASA Glenn Research Center.
For many years PMR5 remained the standard material for use at temperatures greater than 250
°C. Additional materials emerged such as bismaleimalpslyamideimide produced by Amoco
called Torlod™, and poly érylene ethers) including polyetherketone (PEK), polyetheretherketone
(PEEK), and a polyphenylsulfone called Ra¥el

Research foused on processing in the 1880Polymers were modified, and processes were
developed to produce foams, ribbons, fibers, moldings, composites, and adhesives. Only a few
new materials were produced, usually for specific applications for aerospace cotaponen
separation processes, and microelectronics. Ube Industries Ltd. introduced polyimide films under
the tradename Upilé¥. These biaxially oriented films possessed low coefficients of thermal
expansion and exceedingly high mechanical properties. Sevegahms, including the Advanced
Tactical Fighter (ATF) pr ogr amSpead ivillipansgoth e A r
(HSCT) initiative, demanded extensive utilization of high temperature composites and adhesives.
These materials needed to withstardperatures above 37C for short periods of tim&
Polymers were optimized for compression molding into high performing structural components
capable of with&nding these conditions. Specifically, polyimides oligomers and other

heterocyclic materials were endcapped with phenylethynyl groups.

In the 199@ polybenzoxazoles were commercialized by Toyobiso Axound this time
concern arose over the health and environmental hazards of the diamine usedInMR 4 , 4 6

methylenedianiline (MDA). Due to its carcinogenic effects, researchséaclwon finding
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replacement diamines and several polyimide materials were produced includidg, BRd a
series of resins by Maverick Corp. Work also continued on the-8pged Civil Transport
(HSCT) initiative, with the goal of developing civilian airftraapable of Mach 2.4. Significant
technology was developed in support of this program, including a phenyleteymyhated imide,
PETES. However the HSCT was cancelled in 1999, and with itwoek on PETFS was

abandoned

Since the year 2000, work has continued on phenylethynyl terminated imide (PETI) systems
with support of jet aircraft engine manufacturers, the Air Force, Ndd8A. Work has also
continued on other polyimides, phthalonitriles, cyanate esters, benzoxazines, bismaleimides, and
polyetherimidesAt the recenR017High Temperature Polymeric Laminate Workshop focus was
placed on inorganic and hybrid orgaimorganc resins with improved oxidative stability.
Processing has also been a primary focus, and resins have been optimizeebfaubtntliave
methods such as resin transfer molding (RTM). These processes offer significant reduction in
production cost of comite parts This is due to the decreased energy use and emissions, shorter
processing times, lower cost of tooling, effective elimination of volatiles, smooth part faces,
versatility, and precision of dimensional tolerantebaterials are also being evaluated and
formulated for new processes such as additive manufactUrregthermoplastic arylene ethers
have been thérst high temperature resins developed for additive processes to see commercial

SucCcess.

In general, the quest continues for materials with ever higher thermal and oxidative stability
and excellent high tempsture mechanical properties, while maintaining or improving processing
characteristics. Resins are being developed which target low monomer softening points, stable and
controllable viscosities, good solubilities of monomers and oligomers, wide processdoyvs,

lower cure temperatures, and low volatile evolution.

2.1.2 Relevant Properties and Experimental Techniques

This section covers properties of interest for high temperature polymers and the commonly used
methods of measuring these properties. The sedidroken into two subsectioriglonomer
ProcessingProperies and Characterizatiodeals with characterizations on feedstock materials
including gecursors, monomers, and oligomers. The following subsediolymer Properties

and Characterizatiorfecuses on properties of polymer materialsrgftecessing. Shoterm and
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long-term characterization of thermal and oxidative stability is considered. Theeubanical
properties including glass transitions, melting points, and heat deflection temperatures are also
discussed. Mechanical experimeirtsluding dynamic bending, tensile, shear, and compression
tests as well as static creep testenot directly discussed but are also commonly used to measure

the properties of these materials at elevated or room temperature.

2.1.2.1 Monomer Processingropertes and Characterizations

Synthesized feedstock materials, including monomers and oligomers, are commonly
characterized by nuclear magnetic resonance spectroscopy (NMR), Fourier transform infrared
spectroscopy (FTIR), elemental analysis, mass spectraschpymatography techniques, and
melting point measurements. These methods are used to confiidetiigy and purity of the
material. Elemental analysis provides quantitative information on mass fractions of various
elements including carbon, nitrogemdahydrogen. NMR provides spectra corresponding to the
atomicresonancegH, 13C, 2°Si etc) of the compound in deuterated solvents. The technique may
be used to identify chemical groups and specific compounds as well as estimate purity. FTIR looks
at theinfraredabsorptiorleading b vibrationalexcitatons Characteristic absorption peakstie t

IR spectrum may relate to known bond deformations.

Melting observationsmay also be used to determine purity and confirm synthesis of a
compound of known melting point. Pure crystalline compounds exhibit sharp endothermic melting
peaks, whereas impuraraples show smaller, broader, and less symmetric transitions. The melting
point of a material may be measured using a melting point apparatus where a small sample is
heated in a glass tube until melting. Differensainning calorimetryDSC) is also usedSC
measures temperature and heat ftowor from a sample and a reference while controlling the
heating rate. In addition to endothermic melting points, glass transitions, crystallizations,
exothermic polymerizations, and degradations may be evidaheiplot of heat flow (or heat
capacity) vs. temperatur&®® A more indepth discussion of DSC and melting points and glass
transitions is included in the following sectidtglymer Properties and Characterizations

The melting points glass transitions, andhinimum viscosies of feedstock materials
(monomers, oligomersand prepolymers) and their curing rates at different temperatures are
critical to effective processing of the material. These propet#izsmine which methods are well

suited and the required processing parameters including temperature, pressure, and tifroe steps.
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example, melt viscosities of less than 10 Pa-s are important for resin infusion processes and other
nonrautoclave method$:urthermoremold filling requirements often demamakelt viscositieso

be stable for several hours at the processing temperature, which is often greater than 280 °C. The
processing window is dictated by resin chemisiigmperatures must be high enouglatbieve

the desired viscosity and curing rate, but low enough that the mold has time to fill before curing
andto ensuredegradation does not occiirParallel phte rheology, conducted in a temperature
ramp, provides information on softening temperatures, minimum viscosity, and temperatures
where viscosity increases from curing reactions. The temperature range between the softening
point and curing temperaturesfidles a processing window. Isothermalrheometric tests provide
dataon the stability of viscosity at a given temperaturbe pot life is defined as the time it takes

for the viscosity to increase out of a workable range at this tempei@itucepre-polymer stability

during high temperature processingirisportant! thermogravimetric analysis (TGA) is often
preformedin addition tomelt stability experimentsTGA is discussed in more detail in the

following section.

2.1.2.2 Polymer Properties and Characterizations

High temperature polymers are commonly evaluatedeimntion of mechanical properties at
high temperatures, resistance to staie, solvents, acidand basesand of course shetéerm and
long-term thermal and oxidative stabilityGlass transitions, melting points, and heat deflection
temperatures are measured and repo@a@ct measurements of mechanical properties (elastic
modulus, yield stress, strain etc.) at high temperat@resalso commonly conducted. Thermal
behavior is commonly analyzed by dynamic thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC), dynamic mechanical analysis (DMA), and thezoi@mical
analysis (TMA).

While colloquially, the term thermal stabiligoncerns theyeneral ability to withstand high
temperatures, specifically it refers &bility to resist degradation under specific temperature
conditionsin inert environments. Thermaxidative or oxidative stability thus specifically covers
resistance to degradation in oxidizing environments. The term heat resistance is also sometimes

used to define circumstances where a material is unable to meeta cdesaa.

Dynamic TGA measureghe weight loss of the sample as the temperature is increased.

Temperatures corresponding to 5 and 10 % weight lassaid Tio%) are commonly reported, as
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is residual weight at 860000°C.! Derivative weight loss curves are used to show mass loss peaks
corresponding to one or m® decomposition reactions. Initial and maximum decomposition
temperéures determined from the derivative curyeme also reported. Several experimental
variables are important and significantly affect results. Tests may be conducted in an oxidizing or
inert atmospherelhe form of the sample, and thus its surface alea,raatters. Powders show
lower oxidative stability than bulk pieces. The saréplgrocessing and thermal history is also
important. For example, the presence of solvents or absorbed moisture contributes to weight loss.
Ramp rates and gas flow rates sholoddreported since the rate and location of degradations
depends on these variables. Faster ramp rates result in highend Tios values. Higher flow

rates also result in faster removal of volatile species iarair, faster oxidationA ramp rate of
around 10°C/min is commonly usetbr TGA. If multiple tests are run with different ramp rates,

the activation energy for a given reaction may be calculated following the Ozawa theory. Arrhenius
plots are constructed with the axes log (heating rate) veéature. Lines of constant weight %

loss are plotted, their slope providing an activation en®rgy.

These tests may show the evolution of volatile compounds at specific temperatures or the gain
of weight through oxid@dn. Reactions that do not affect the weight of the polyswah as some
rearrangement reactignare notdirectly evident in TGA resultdbut may affect the resulting
stability of the compoundReactions that occur at slower rates will be also be legemvihan
reactions that occur at faster rates, even if the slower reaction dominates at a specific temperature.
FTIR or other spectroscopic techniques may be used in conjunction with TGA to provide
informationon chemical reactions, changes in structarel degradation mechanisniscluding
oxidation. Analysis may be conducted of the residue or the volatile products. In air at high
temperatures, FTIR analysis of volatiles is limited since many small molecules will continue to

combust and decompose prior to reaching the IR detector

TGA tests provide good indications of the behavior of polymersskartterm thermal
exposureHowever during extended exposure to high temperatures, degradation and transitions
occur at much lower temperatutasd kinetically slow reactions become mevident. Chemical
and physical aging processes occur. Chemical aging corresponds to changes in the polymer
composition, including molecular weight and extentcodsslinking. This involves reactions

forming or breaking chemical bonds. In addition tormh& exposure, these reactions may be

10



catalyzed by humidity, UV exposure, radiation, chemical exposure, stress, and other
environmental effect® Physical aging corresponasrionchemical, structural changes due to the
amorphous polymer not being in an equilibrium state. An increase in density occurs and the
mobility of molecules decrease®hysical aging generally increases the glass transition
temperature, and mechanicalesigth and modulus at high temperatures. At room temperature

toughness, elastic modulus, and mechanical strength may delérease.

Thus, if the material will see highervicetemperatures for long durations, sh@mm or
accelerated tests may not provide accurate data. Fotdomgstability and behavior, isothermal
TGA or extended aging studies are required to properly evaluate the polymers behavior during or
after extended>gosure to high temperatures. During extended aging tests, samples are exposed
to harsh conditions for long periods of time. Volume and mass of the samples is often tracked.
Weight loss does not necessarily correlate directly to a loss of mechanicatipsopetris often a
good indicator. Polymerasnples that have undergone more than 5% weight loss, likely have
significantly reduced mechanical propertie@wever, this is not always the case, especially for
some composites due to surface ergsmrpolymers that are still undergoing curing reactions.
Mechanical properties and other characteristics may be tested at temperatifter the test at
room temperature. Room temperature property measurements show evidence of permanent
changes in the materialoin thermal aging, but of course do not quantify the behavibrgat
temperature. For the most accurate predictions of behavior, aging conditions should be selected to
mimic expected service conditions. Increasing the temperature, atmospheric pressures, 0
mechanical stresses, or incorporating cyclic loading or temperature cycling, usually result in
accelerated tests. Yet these conditions also likely change the rates of various degradations and may
not provide the same results.

Oxidatively aged samples may be analyzed by a variety of methods to identify degradation
zones and local chemical and mechanical properiEgradation ofpolymers and their
composites generally begins at the exposed surf&=ggons of high stress may also experience
higher degradation rates. An oxidized surface layer fo@rggen is used up by reacting spegies
limiting the diffusion of oxygen into theutk. The degradation layer grows as reacting species are
consumed and oxygen continues to diffuse into the material. With increasing degradation, porosity
and cracks form in thexidizedregion. Cracks generally form from the surface and act as pathways
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for oxygen diffusion into the bulk. A highly connected network of cracks eventiwihgs
throughout the material/arious models exist to predidifferent aspects of oxidatidmehavior

These models make use of empirical Arrhenius rate curves, chemicabtlaggn mechanisms
combined with oxygen diffusion, laminated plate theory and micromechanitisjte element
models with regions of differing properti&sOne such approach tareezone thermepxidative
degradation modegis discussed by Tandon et’alThe model describes threegions commonly
observed in degraded polymer samples. Zone 1 corresponds to a fully oxidized surface region.
Oxidation and degradation reactions are completed, leaving a residual char layer. This zone
accounts for the bulk of the mass loss of the sanZjglee 2 corresponds to an active region. In

this zone oxygen has diffused into the material and reacted with the polymer and its degradation
products. Cleavage and oxidation of the chain or functional groups as well as crosslinking
mechanisms occur in thiggion. Zone 3 corresponds to an unoxidized bulk of the material. The
polymer may still experience thermal degradation and physical or chemical aging in this region.
Analysis of the thickness of these zones and their chemical compositions can progitantsi

degradation mechanisms.

In addition to thermal and oxidative stability, the mechanical and theraeuhanical properties
are also of paramounimportance. Glass transitign melting poins, and heat deflection
temperatures indicat@here the abity to support mechanical load reduced Other properties
also change drastically around glass and melting transitions. For example, in addition to a loss of
mechanical strength, glass transition and melting points also correlaexwihsion and change
in thermal expansion coefficient. High tensile strength and high interfacial strength are required to
resist thermal stresses and support loads. The elastic modulus and thermal expansion coefficient
determine the magnitude of these thermal stred6egacks or delamination occur at high
temperature the part may faor this reason,lectronic encapsulants often require low stiffness
and/or matched thermal expansion. In addition, resistance to other environmental factors is

required. Polymers shouldVelow moisture uptake and high solvent resistance when fully cured.

The glass transition is a kinetic or nequilibrium transition that corresponds to a change in
the mol ecul ar mo maorghous rggionsf Belaw the glasy traesitidh sen@ra
(Tg), the material behaves like a glassy solid. The molecules in this range have limited mobility.
Above this temperature the molecules are able to move more freely and the material exhibits
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rubbery, elastomeric characteristt€sA decrease in density with an increase in free volume and
kinetic energy is observe@ooling fromamelted or rubbery state to a glassy one, through a glass
transition is defined as vitrification, whereas devitrification corresponds/stallization from an

amorphous stat¥.

While well-defined monomers may display precise and distinct amorphous transitions, the
polydispersity(distribution of molecular weigh@nd overall length of polymer chains results in
less definedcand broadepglass crystallization, and melting transitions. These transitions depend
on thermal history and a number of other fact8iBhe magnitude of modulus changering a
glass transitions strongly effected by residual stresses, and the amoucrtos$linking and
crystallinity.>® Highly crosslinked or highly crystalline materials may show only minor decreases
in modulus at the glass transition temperature. However, the modulus and strength of less
crosslinked and more amorphous materials may decrease by orders of magnitudglass the
transition temperaturt.Since the glass transition does not correspond to chemical changes, the
transition is reveible! However, creep and other plastic deformations wegur due to the
polymers increased mobility and inability to support lo@dus, vscous flow and irreversible
shape changes oar underappliedstres$® Theloss of mechaical properties at thegE critical
for many applications. Some load may be sustained by crystalline phases abgyvétlarg of

these crystalline regions, then coincides with a substantial drop in mesdstrength: 1°

As mentioned previously, thealue Ty is also increased by physical aging. The extent of
physical aging is also affected by the proximity of the aging temperature tq.tiéh€n aging
below the glass transitiotemperature, the mobility of polymer chains is reduced. However,
motion still ocairs & the molecules approach a more thermodynamically stable equilibrium state
corresponding to greater packing den&itf¥he rate of this motion increasas temperature is
increased tthe Ty and aboveThus, polymers with a higheg ¥end to experience slower physical
aging at a given temperature. This is important since physical aging resutslecreased
toughness of the material, which may be a significant problempendigng on application.
However, polymers with lowerglmay also show increased toughness and dampening effect in

the shorterm©

Melting corresponds to liquification of ystalline regions. Whereas the glass transitiomis a

approximatelysecondorder phase transition, melting is a fister phase transition. Since
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polymers are often comprised of amorphous and crystalline regions, they can exhibit both a
melting point andh glass transition. Phase separated materials or block copolymers withdflocks
significant length can exhibit multiple glass transitions. The melting point, if present, is generally
observed above the glass transition temperature. For most polymergatesstions and melting
points occur below degradation. However, faghty crosslinked materials such as phthalonitrile

polymersandsomepolyimides this may not be the cdSe.

Another characterizatonof nt er est i s a mater i a(Thd,swhidheat de
depends on the glass and melting transitlmrtss not directly equivalent to thefhe Thq is not
afundamental material property but instead a measurgoheering metric. Test parameters are
defined by ASTM D 648 and ISO 75 standards. A load is applied to the sample, usually-in three
point bending mode. The temperature is increased at a specified rate.q Therdsponds to the
temperature at which a dection of 0.25 mm occurs. Since creep occurs at these temperatures,

ramp rate is highly importan?.

Measurementsf the glass transition and other thermechanical properties may be conducted
by DMA, TMA, and DSC methods. Since these methods use different approaches to measure the
glass transition, slightlgtifferent values of Jare observed. In addition to paraers discussed in
the following paragraphs, heating rate and the thermal history of the sample are important for all
of these methods. Measurements of thar€ affected by these and other experimental variables

and thus ainiversal precise value of Jdoes not existor any given materid

For highly crosslinkedhigh temperature materials specifically, DMA is usually the most
accurate method of measuring the glass transition, since transitions may become less evident in
TMA or DSC. However these methods are also commonly repoiddA studies the stresstrain
relationships of the polymer as a function of temperature and fiegudolecular relaxations
including glass transitions and other transformatians visible. The test may be conducted in
torsion, tension, or thregoint bending. Cyclic loading is applied with a specified frequency. The
displacement is recorded and steragemo d u | u kss (h@ldlyg,Go ) andt(Thnoss t a
U )are calculated. fe sample dimensions, frequency of loading, and magnitude of load are
important parameters. The frequencespecially important since chain motion and rotation are
timedegpendent The gl ass transition may be taken as t

GO ori.Ta&rener a,the yf spma®d nigs | ess than when tak
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lessthaniftakenfromTan. The | oss tangent and Tan U ar e
to dampen and absorb force. Physical aging decreases the viscoelastic compliance andithus Tan
in DMA also decreas€.

TMA may be used in expansion mode to identify glass transitions. The temperature is increased
and the change in sample dimension is measured. \DM& requires larger samples, TMA is
capable of testing small pieces or thin films. The sample size and magnitude of applied load are
important variable$ The glass transition may appear as an inflection or change of slope in the plot
of dimension change vs temperature. ThisEommonly measured by tangent litfdsit can also
be defined by derivative peaks. The slope of this plot, normalized by sample thickness, corresponds
to the coefficient of thermal expansion (CTEhus, the CTE has units of°0.%* The CTE itself
is highly important dér certain applications such as electronic packaging. A CTE mismatch
between contacting materials creates thermal stresses and increases the likelihood dhfailure.
addition to the expansion accompanying a glass transition, the CTE also increasesialybstan

above the §. For these reasons glass transitions are often avoided even -strucinral

applications. Residual stresses affect the magnitude and shape of the measured dimension change.

Compressive residual stresses result in increased expankgneas tensile residual stresses result
in contraction (decreased expansiodMA and TMA may also be used to measure the heat

deflection temperature in thrg@int bending or penetration modés?

While DSC is commonly used to measure the melting temperature of chemical compounds and
feedstock materials, it can also be used to identify transitions in cured polymer samples. The
energy requiredot maintain equal temperature between sample and reference pans is recorded as
a function of temperature. A ramp rate e1®°C per minute is common. The reference material
is usually inorganic and exhibits no thermal transitions and degradations. Anadampiiyum pan
is often used. The difference in energy necessary to hold the reference and sample at equal
temperatures is measuréiche sample amount and form are importdamtDSC glass transitions
show up as an endothermic step or inflection in heatdloato rapid changes in the heat capacity
of the material. In this temperature range, an increase in energy is required to maintain the sample
temperature equal to the referen®&®The Ty is taken as the midpoint of this step transition. As
mentioned in the previous sectidipnomer Processindroperies and Characterizatigrsince

melting occurs at a mostly consta@inperature, melting transitions appear as endothermic peaks.
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The depth and sharpness of the peak is dependent on the amount, size, and qugditgllofe
phases? Physical aging is evident in DSC by an enthalpy recovery {feAlso evident are
endothermic loss of solventsmioisture, degradation and oxidation reactions, and residual curing

reactions.

Dielectric propertiesincluding permittivity, loss, and breakdown strengtre also important
parameters for many applicatioffhe dielectric permittivity is a materials &tyi to store energy
through ionic, dipole, atomic, and electronic contributions when an external electric field is
applied.Thus, glass transitions also appear in dielectric spectroscopy as changes in the dielectric
permittivity and lossThere are severanethods for measuring the permittivity of solid materials,
including transmission line, free space, resonant cavity, and parallel plate nféffods
insulating materid@b resistance to failure under applied electrical field is referred to as its dielectric
strength.When voltage is increased to a sufficient value exceeding the mtetialectric
strength, breakdown occurs. A conductpath is brmed resulting in the flow of current between
electrodesDielectric strength is measured by placing the sample between two electrodes and
applying a voltage difference. Static or dynamic breakdown tests may be conducted. Static tests
involve samples begstressed under a constant applied voltage and the time to failure is measured.
This test is useful in estimating the life of materials under specific conditions. For insulating
materials dynamic testing is more commonly usedthasetests dielectricstrength ismeasured
by increasing the applied voltage until failure occurs and the peak voltage is mé&aStaedard
test details are provided in ASTM D149 (AC) and ASTM D37584 (DC)58%° Breakdown

involves multiple failure mechanisms and is highly dependent on the sampletmetieod®’*

2.1.3 Design of High Temperature Polymers

This setion discusses chemical and physical considerations in the design of high temperature
polymers. Thermal, oxidative, and hydrolytic stability are discussed, as well as processing
characteristics, thermmechanical properties, and dielectric properties. sltimportant to
recognize that, in addition to chemical composition and structure, the processing, history of the
sample, and environmental conditions have a significant effect on the properties discussed in the
previous section. Attributes such as the ektéd cure and amount of porosity are affected by the
specific processing method and pressure, temperature, and time parameters. Storage environment

and subsequent thermal and mechanical history also play a role in the thermal, oxidative, thermo
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mechanicgland dielectric properties. Thus, care must be taken in relating chemical composition

to properties?

It is of note that aspésthat yield high thermal stability rarely contribute to easy processing of
the materiabr high mechanical toughne¥sStronger, moreigid structures such as aromatic and
heterocyclic compounds limit solubilitincreag softening pointsand result in brittle materials
Higher molecular weight polymers tend to be tougher and have higher stability but also have higher
melt viscosities. Converselgspects that improve processing are usually detrimental to stability
and nechanical and thermmechanical properties. For example, flexible linkages or asymmetric
structures improve processability but usually decrease staikityly.}° Low meltingpoints and

glass transitionare desirable for monomers and oligomers but not for resulting polymers.

Several attributes affect thermal and oxidative stability. These include: 1) the strength of
primary chemical bonds, 2) mechanism of bond cleavages8hance contributions, 4) secondary
bonding such as polar interactions, hydregending, and van der Waals forces,rigjdity of
structure 6) crosslinking, 7) symmetry of chemical structure8) molecular weight and

polydispersity9) quantity and nate of impurities, and.0) fillers and reinforcing medi&.

Out of theconsiderationghat effect thermal and oxidative stabilityhe primary bonding
strength is the single biggest factdigh temperature polymers contain strong bonds such@s C
or SFO bonds, aromatic compounds, or double bonds. Chemically, the resistance to degradation
is dictated by backbone composition as well as functional groups. This is due to the thermal
stability of constituents being somewhat affected by the molecular structures around it.
Electronegative and steric effedtspact effective bond strengths and tmmsst beconsidered
Table 1 provides approximate bonding strength&’® This is contrasted whit Table 2, which

provides approximate thermal and oxidative energyfgiven temperature.
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Tablel: Average bond dissociation energfe&’®

Bond | Avg Bond Dissociation EnergykJ/mol Bond | Avg Bond Dissociation Energy kJ/mol
C-Si 322 C-C 346
Si-O 397 C=C 607
Si-N 355 C-H 413
Si-Si 226 C-N 296
Si-H 357 C=N 615
B-O 707 C-O 354
B-B 293 C=0 630
B-N 421 C-F 466
B-C 356 O-H 462
B-H 389 N-H 388
P-C 265 N-N 162
P-Si 215 C-S 264
P-O 343 S=0 522
P=0 544 Ti-O 669

Table2: Approximate energy for a given temperattire

Temperature, °C Energy kJ/mol
275 523
300 569
325 615
350 665
371 703

Multiple bonds are stronger than singtends Thus, double bonds or structures with resonance
stabilization are common in high temperature polymers. Approximately298&J/mol is
contributed by resonance to provide aromatic and heterocyclic rings with a partial double bond
charactef. The SiC bond is slightly weaker than the-@ bond, and thus is considered less
thermally stable. However, as discussed in the subsequent s@iiton-Containing Polymers
silicon undergoes oxidation to SIOThis inert phase can increase the thermal and oxidative
stability of the system. The-E bond is significantly stronger than theHCbond and &nce
fluorinated compounds tend to have high thermal stability. Hydrolytic sensitivity is also however
a concern. Many bonds, especially those containing silicon, boron, and phosphorous, are sensitive

to degradation from moisture.
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Significant stability isprovided by polar interactions, hydrogen bonding, and van der Waals
forces. Such secondary bonding increases the -ciaim interaction and attraction.
Thermomechanical properties, including glass transition temperature, and mechanical properties,
such & elastic modulus, are affected. In addition to thermal stability, the glass transition and
resistancego combustion and oxidatn are increased by the inclusion of polar groups, such as

sulfone and phenylphosphine oxitle.

Polymers with narrow molecular weight distribution are usually more stable than those with a
large polydispersity. Additionallyncreasing the molecular weightapolymer generally results
in greater thermal stability, higher melt viscosity, greater toughness, and higher resistance to
chemicals and environmental effects. Low molecular weight components result in decreased
stability, lower mechanical properties)cha lower glass transitionThese trends may not hold

true if increasing the molecular weight of a section decreases therkivgstiensity.

Symmetry and crystallinity also Pplymergwith | ar g
greater crystallinity and more regular structure often have greater strength, higher modulus,
improved thermal stability and creegsistance, and greater chemical resistafiee inclusion of
bulky side groupsnay hinder the formation of crystalline regidA$ut can also provide rigidity
and abarrier for oxygen diffusiot’” Annealing a polymer above its glass transition or mechanical
forming, such as kaxial drawing, are methods used to improve thstafynity, regularity, and
molecular packing. Compared to unoriented films, biaxially drawn films have greater thermal and

chemical stability.

Symmetric structures tend to result in higher mechantbekrmemechanical, thermal, and
oxidative properties as compared with asymmetric structures. However asymmetric structures
result in improved processing characteristfdalhen considering attachment of aromatic linkages,
the resulting polymer properties usually follow the tremtho < meta< para Monomer and
oligomer processability generally follow the reverse tréPakasubstituted backbone linkages
usually exhibit thénighest tensile strengths, thermal stability, glass transjtma melting points,
andlowest solubility Orthesubstituted roieties tend to posselsgher solubility and lower tensile
strengths, thermal stabilityjpelting points, and glass transitions. Occasionally this is not the case,
where asymmetric structures result in greater volume and energy required for chain drankshaf

motion. This results in a higher glass transition.
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Thermal and mechanical properties gemerallyincreased with increasinggidity. Rigid rod
polymers, such as those containing phenylbighenyleneand heterocyclic moietiegre more
stable, stiffer, and stronger than those containing more flexible linkages suelkyas
isopropylidenegther, carbonyl, and sulfone grodgdexible and less sterically hindered linkages
improve processing characteristidghe addition of linkages such &$i-O-Si-, 1SO2i, 10V,

T CH2i and hexafluoroisopropylidene groups lower the energies of rotation of the polymer chain
and introduce kinks which inhibit close chain packing. This lowers Theand melting
temperaturgsand results inmncreased toughnesandimproved solubility 3°

Crosslinking significantly improves the stability of polgms. Additional bonds are formed
which must be broken to result in a reduction in chain length. Similgalysisaped and branched
materials display better stability than similar linear polymtéesy also show lower melt viscosities
and polymers with higer glass transition'sAs noted previously, more rigid and sterically
hindered polymers often show improved stability and glesssition temperatures. This is not
always the case however. For example, chain rigidity and steric bulk can interfere with
polymerization and crosslinking, resulting in a lower molecular weight and smaller degree of

networking30: 52 7879

The degree of crosslinking can be somewhatlselfing. With increasing crosslinking, steric
hindranceis increased and chain mobility is decreased, which hinders further reaction. For
phthalonitriles it is reported that complete curing is never achitreithis reasorl! Unreacted
endgroups may continue to react during service at elevated temperdier&soverall increased
mobility of the chain. This results endrift of polymer propertiesTo alleviate this issue, several
approaches are followed. Increasing the cutémgperature and time may be appropriate but adds
processing cost and curing temperatures are often already above @@t additional catalyst
amounts and increasing reactivity may result in decreaseddidaitability. As previously noted,
decreasingsteric hindranceand increasing chain flexibility may improve curing but can also
decrease the stability ang df resins®® *3It is also of note that while a lower degree of cure results
in lower orsets of degradation, unreacted endgroups may slow down degradation once it begins to
occur. ain mobility is increased by bond cleavage, and thus unreacted groups may continue to

react during degradatich.
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Bond cleavage mechanisms also significantly affect the effectivditstabthe polymerMany
polymers considered in this manuscript degrade by random scission. However, some materials
such aspolydimethylsiloxane experience chain folding and subsequent rearrangement and
unzipping. These reactions propagate down the chaleasing small oligomers and resulting in a
reduction in molecular weight. Thus the effective bond strength of tel®ind is significantly
diminished in this cas®.In these casesinge unzipping occurs from the engsoper endcapping
can alleviate or eliminate this issuendcapping can also provide better melt stabtliBond
cleavage by interaction with moisture also occupPalyimide compounds cure through
condensation reactions, which releasatew and alcohol compounds. These materials are
susceptible to degradation in humid environments at high temperétrgsxysilanes® 828 and

cyanate este¥Sare also known to degrade in the presence of moisture.

Purity also affects the properties and stability of polymer systems. Metal and organometallic
compounds can catalyze degradation maatsms, especially oxidation mechanisms. These
contaminates may be present from synthesistroduced during processing. The presence or
formation of organic or inorganic compounds with hydroxyl groups are known to catalyze the
degradation of SC and $O bonds’® Impurities can alsact as plasticizers and lower thg Tow
molecular weight impurities may also volatilize, contributing to weight ldesvever, impurities
containng hydroxyl or amine groupgansition metals and their salts, strong orgacids, strong
organic acids/amine sal@re also known to catalg the curing reaction of several resin systems,
including phthalonitriles: *> 88Thus, the presence of these impurities may improve the stability

of the systemPurity also affects processingthat pure materials have higher softening paints

Many polymers require the usé catalysts for their respective curing reactions. Excessive
amounts of catalyst can contribute to higher weight losses, where insufficient ameswurtttis
decreased curing and crosslinking. Phthalonitrile compounds must be cured at high tersperature
andoften require curing additives to polymerize. These additives affect the final stability of the
polymer> 1> 22 880ther additives and fillers may also be used to affect the stability of the system.
Inorganic fillers including clay, alumina, and silica, often improve the stability as waffeating
modulus, CTE, and other propertfe$®®° Free radical scavengers and antioxidants can also

increase stability and prevent oxidatién.
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Thus far discussion in this section has focusedtiributeshat effect stabilitywith additional
propertes mentioned brieflyThe effect of chemistry on these and other properties should be
consideredThe glass transition is increased by increasing molecular weight and crosslinking, and
the inclusion of polar groups, bulky substituents, agid groups.The incorporation of inorganic
linkages containing silicon and phosphorous can improve oxidative stability, char yield, and flame
resistance. Hexafluoroisopropylidene and other fluorinated groups result in lower permittivity, less
color, and increased solubty. Specifically, the hexafluoroisopropylidene group provides high
thermal and chemical stability, and is used in polynfers371 °C exposure and improved
processing® Aromatic groups improve the solubility in chlorinated solvents, increase glass

transition temperaturelecrease the moisture absorption, and lower permittivity.

To improve solubility and lower viscosity, several methods are usedy of which are
intended to reduce chaghain interactions, increase flexibility, and decrease chain packing
efficiency. These include the addition of fluorine groups, flexible linkages, unsymmetrical
linkages, or bulkynonplanarpendant groups. Buksubstituents, such as phenyl or fluorene, can
increase the melting and glass transition temperatures and the -vedatve stability in
addition to increasing solubility. These large structures contort the backbone symmetry and restrict
mobility, deceasing crystallinity and increasing chain spacing, and in turn lowering the melt
viscosity and improving solubility.Copolymers ray also be used to disrupt symmetry and
crystallinity, resulting in increased solubility®?

For applications such as radomes and electronics, the dielectric [E®jpeet importani.ow
permittivity (dielectric constant) and high breakdown strength are often desired. There are several
ways to reduce the permittiyit? including inclusion of: 1)fluorinated groups such as
hexafluoroisopropylidene or perfluoroalkyl group¥ siloxane segments, 3) bulky functional
groups, 4) asymmeadr structures, 5) low dielectric constant fillers, and 6) porosity. The inclusion
of flexible siloxane backbone linkages, branches, or end groups reduces charge transfer between
chains®® Bulky fundional groups and disruptions in symmetry also reduce digiplale
interactions and charge transfer between chains by increasing theckhaeindistance. The
presence of porosity dow permittivity fillers reduces the overall permittivity of the materia
Unfortunately, most of these methods reduce properties such as stability, glass transition,
mechanical modulus and strength, and breakdown stréngth.
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The relationship between dielectric breakdown strength and chemistigréscomplex. It is
difficult to define relationships between breakdown and specific chemical structures since the
resulting dielectric strength is heavily inflnced by other factor$he dielectric strength depends
on 1) microstructural defects such as impurities and vd@yldegree of crystallinity3) molecular
free volume, 4) the presence of solvents or moisture, 5) thermal and electrical conductivity, 6)
thermal and oxidative stability, and 7) mechanical strenigtts also heavily affected by test
conditions such as electrode size and geometry, electrode contact, sample thickness and geometry,
voltage rise rate, AC or DC applied current, temperature, mvicoement®> 7671

2.1.4 Classes of High Temperature Polymers

This section covers common groups of high temperature polymers, generally classified by their
primary curing and crosslinking mechanismelyfers discussed briefly in this section include
polyimides, bismaleimides, phenolics and benzoxazines, cyanate esters, fluorinated polymers,
poly(arylene etheps and phthalonitrilesPhthalonitrilesare only briefly introduced and covered
in more detaiin the subsequent section. Here, greater focus is placed on polyimides than other
resins due to their more extensive use and greater thermal and oxidative prdpédoees are
not consideredh this sectiorsince they are limited to around 200 °C kong-term application
and are not structural resins with little load bearing capability at high temperationgsyer,
silicones and other organosilicon polymers are discussed in the sé&dlimom-Containing
Polymers Similarly, polytetrafluoroethene (PTFE) is not considered in detail in this manuscript.
PTFE is often considered a high temperature material, yet its glass transition temperature is only
115 °C, thus idoes not retain mechanical properties at elevated temperatures. Thermal degradation

alsobegins around 200 °&.

The majority of high temperature polymers are thermosets, though some thermoplastic systems
are discussed at the end of this sectam thermosetting resins, the lowesaosity of prepolymers
results in easier fill of molds and impregnation of fiber preforms. The produsftsiable curing
products and high crosslinking density results inhhilgermal stabilityand glass transition
temperaturesHowever curing cycle require longer times at high temperatures than simply
melting and moldingAdditionally, cured parts canndite reemolded, and are generally insoluble

and infusible. This makes repair and correction of dimensions diffftult.
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2.1.4.1 Pnthalonitriles(PNs)

PhthalonitrilegPNs)are discussed in detddgter in thismanuscript buaire introduced briefly
here.PNresins wereleveloped by the U.S. Navy as an alternative to polyimitiese materials
cure via reaction of 1;8icyanobenzene group$hey have been showoften to retain their
mechanical properties above 34Q and have glass transition temperatures above °@00
Propertiesnay equal or exceed most polyimides. In additiirey tend to be easier to process
absorb less moisturandhave lower melt viscositiethan traditional polyimide$ ® Since the
phthalonitrile cure reaction does not produce volatiles, fabrication of dense components with
negligibleporosity is significantly easier than with polyimides. Similar TGA results are obtained
with phthalonitriles and polyimides but phthalonitriles show lower{@mg oxidative stability as
compared with some polyimide systefA$hthalonitriles also exhibit more moisture resistant
monomers and more thermally and oxidatively stable polymers than cyanaté’edtezsof the
mostdefining features of phthalonitriles is their resistance to combudtiwse resins are the only
organic polymers which med¢he U.S. Navy's MILSTD-2031 standard for flammability of

materials used in submarin€s.

Phthalonitrile materials usually need to be cured at high temperature with the additioimgf ¢
additives. Much research has focused on improving processing by lowering the melting point of
monomers, creating a larger processing window, and control of viscosity as a function of curing
additive. In additionpself-curing materials have been pragd by the addition of phenolic groups,
amino or amine groups, or benzoxaziné® °8 While the shortterm thermal properties of
phthalonitriles have been well characterized, thelessinformation availablen their longterm

performance antheir dielectric propertieespecially breakdown strength.

2.1.4.2 PolyimidegPIs)

Polyimides are by far the molseavily researched and commercially successful class of high
temperature polymer¥hese materialsave become widely used for a variety of high temperature
applications® °! They show excedint thermal and thermoxidative stablity, being able to
withstand shortterm exposure up to 500C and service temperatures up to 340 Glass
transitions may be above 300 “They also have good chemical resistance, electrical and dielectric

properties, and mechanical propertidfiese materialgonsist of nitrogen atoms bonded to
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carbonylgroups, usually coupled with an aromatic backbéngure 1 andFigure2 show cylic

and linear polyimides.
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Figure 2: Linear polyimide
Figure 1. Cyclic polyimide g POy

Cyclic imides generally possess superior stability in comparison to linear materials. Thus, the

bulk of high temperature polyimide resins use heterocyclic imdeeties These groups provide

additional stability and higher glass transitions in comparison to wholly aromatic chemifstries.

Liaw et al®? present a sizable review on synthegislymerizationand properties of various
polyimides Resinsdiscussednclude kink, spiro, and carddructures, as well as aromatic, cyclic
aliphatic,fluorinated, hetero, carbazole, perylene, chiral, and unsymmetrical structures. McKeen
also provides several examples of polyimide chemical structures in his chapter on thermal

exposure of polyimide¥®

Polyimides are prepared by a variety of synthetic routes, generally from dianhydride and
diamine monomers though other precursors are also &%&dl. changes in the chemical structure
of the dianhydde or diamine yields significant changes in final propefiéghe damines and
dianhydrides are reacted to forpoly(amic acids), which are then chemically or thermally
dehydratd, undergoingntramolecular cyclization (imidizatiortf°Waterand alcohoarereleased
as a byproduatf the condensatiomeaction. An examplegaction is shown ifrigure3.192 Other
syntlesis methods include reactions of diisocynates and dianhydrides, diamines and
dithioanhydrides, Michael addition reactions containing diamines and bismaleimidesARiets
reactions containing bisdiene and bidienophiles, silylated diamines and diaeBydaiad

Mitsunobu reactions containing dihydroxyalkyl and diimide compodfds.
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Figure 3: Examplereaction of 44'-diaminodiphenyl ether oxydianiline and pyromellitic
dianhydride to from polyimidand2n H2O.

Some issues with polyimide systems ex@itler polyimides absorb moisture after cure, which
results in degradation and affects mechanical aedrthl propertied-or example tair effective
hot-wet Ty is significantlyreduced* Many older polyimide systems also contain the carcinogen
methylenedianiline (MDA). Recent polyimide systems have been formulated to avoid this

compound:

There are a number of difficulties in processing polyimide resins, including high viscosities,
volatile production, high processing temperatures, and cure shrinkag®. investigated two
commercial polyimides as electronic encapsulants. It was found that the viscosity was too high,
the curing too slow, and the materials experienced volume shrinkages of greater than 40% during

curing. This resulted in stress, cracking, aodosity.

The imidization step ofhiermally cured polyimidesequires temperatures above 14D,
however to ensure completeidization curing temperatures at or ab@@) °Care commori®
Porosity issues arise since the imidization reaction produces alcohols and water. As curing
progresses it becomes more difficult to remove these volatiles, resulting in the formation of voids.
Thus polyimides are usually polymeed underpressure, which retains the volatiles within the
resin until after curing® Precise ramps and holds are also required to eliminate pdtosity.

In addition to thermallyuring, chemical dehydration is also possible with the udeeténes,
acid anhydrides, and strong Lewis acids. An intermediate isoimide forms. This isoimide may then
be processed thermally without volatile producfidb@hemical dehydrationoften yields more
soluble polyimides compared to thermal imidization. However thermal imidizgeoerally
results in higher thermal stability and a higher glass transition tempetafAmether alternative
route is the produciton of thermoplastic polyimides, which may be processed above their softening
points without significant volatile productiotdowever the modifications needed to result in

thermoplastic processing rdsun lower stability and softening points.
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Porosity issues can be also be solved by the development of mostly imidized monomers or
prepolymers, which are encapped with reactive end groups for polymerization purposes. This
approach entails the incorporatiof imide linkages between terminal groups that are capable of
polymerizing and forming crodsked polymers.Lower molecular weight oligomers with
additional crosslinking groupscluding phenylethynyl and nadimigdéave been developed and

found some commercial succé&s?

Phenylethynyl terminated imide (PETI) chemistries have received significarst doe to their
improved processing, amigh toughness and stability. contrast, naditerminatedmides exhibit
higher viscosities and lower stability. Thadicpolymerization createsliphatic moieties which
reduce the thermoxidativestability. Futhermore nadicterminatedorepolymers must be stored

below room temperature to reduce the rate of polymeriz&tion.

PETI digomers havedwer viscosities, higher solubilities, and are often fusible. these
systems the majority of the imidization reaction, and thus most of the volatile evohdauns
below the final crosslinking temperatd¥eThis secondary curing reaction progresses by addition
reactionsthat do not produce volatile productgielding voidfree polymeric material€: 1A
large processing window is obtained and resulting polymers show higaldes in the 300 °C
range. A downside to this approach is the high curing temperature phénglethynyl groups,
which pushes the final curing temperature to at or above 359\\@Qiile imidized oligomers show
lower melt viscosities, the viscosities are still higher than desifabtesin transfer molding and
other norautoclave processeghus b a degree, processinf these resingito composite parts
has been limitetb prepreg method$: 8’

Solubility and viscosity issues are common across polyimidashMf the recent research has
focused on improving processing. Itdssireable to have polymers with low viscosity that are
dissolvable in common organic solvents. This facilitates processes such as spin coating, casting,
and resin transfer moldit’§ Howevermost polyimides are at least partially aromatic in nature.
They contain strong bonds and symmetric structures, and highly polar groups. Strong interactions
occur between chains and chain segements. Charge transfer complexes and electronic polarization
are enhancd by the electron donor characteristics of amine segments and electron acceptor

characteristics of imide segments. These interactions and stiff, strong backbones result in high
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thermal stability. Howevethese characteristics also result in low soluhiliigcositiesand high

processing temperatures of the fully imidized polymers.

To improve solubility and lower viscosity, several methods are used, many of which are
intended to reduce chaghain inteactions, increase flexibility, and decrease chain packing
efficiency® The use of flexible linkagebulky side groupsand assymmetric structures has been
discussed inthe previous sectiorDesign of High Temperature PolymeiBodaylow viscosity

resins are avkable8’ 102

2.1.4.3 Bismaleimide¢BMIs)

BismaleimidegBMI) are a sh-class of polyimidesThese materialareproduced by reacting
a diamine with a maleic anhydridanear polyimides are formed by a Michael addition reaction.
This reaction progresses by free radical polymerization of double bonds. The use of an addition
reaction instead of aondensation route, significantly reduces volatile prodiicthe curing
temperature is also much lower thaiter polyimides. While the processing of these resins is
similar to epoxies, BMI resins show higher modulus and higher themadathydrolytic stabilities.
However, the toughness, and thermal and oxidative stabi@jower than cyclic polyimides.

Micro-cracking is common is such brittle resffis.

2.1.4.4 Phenolics/Benzoxazines

Phenol formaldehydeesins are some of the oldest polymers considered for elevated
temperature applications, yet still find a sizable marRéenolic resins cure by condensation
reactions to produce methylene bridgéth the releasef water. The use ofhenolicresins at
high temperatures is limited by thdig, which is around.60 °C. However, these resins provide
char yields of 5860% in air, higher than any other commercial organic resin. For this reason, they
are used for ablativeaterials. The carbon pyrolyzes to an inert char. This char can still bear some

load and insulates arpfotects the remainder of the mateffal.

A sub-group of phenolic resins aremzoxazinesThese materials are produced by reaction of
an aldehyde, an aromatic amine, and phenol groups. Polymerization occurs similar to epoxies, but
resuts in materials with lower moisture absorption, low CTEs, low permittivity, and high retention

of mechanical properties at elevated temperatures in the presence of nfbisture.
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2.1.4.5 CyanateEsters

A class of polymers related to phthalonitrilsepolycyanuratesdyanate esteysThese resins
cure through reaction of terminal cyano groups to from triazine struéfuFasrmal crosslinking
may be accomplished at 17€270°C for less than 2 houP§ Thesepolymersmay be mixed with

epoxy resins and ecure by polyetherification, triazine formaticamd epoxy curing reactioRs.

Cyanate esters amommonlyused for radomes angpace applicationsThey display dw
moisture absorptionhigh glass transition terepatures, goodthermal stability, excellent
flammability, resistance to microcracking, chemical resistarioeng adhesion to metlsmaller
cure shrinkage and high dimensional stability, electromagimatisparency, low permittivity and
high dielectricoreakdown strengt?®: 8’ Cheaper resins display low toughness. In general cyanate
esters are less thermally stable than BMI, polyimide, and phthalonitrile ,resthghe triazine
moieties of cyanate esters degrading below 508°The resins are also somewhat moisture

sensitive?’

2.1.4.6 Additional High Temperature Thermosets

There are a numbef additional high temperature polymer systems that haveibeestigated
but had not found significant commercial success. These inglalyeenzimidazole, pohN-
phenylbenzimidazole polybenzimidazoquinazoline, polybisbenzimidazobenzophenanthrolines,
polyphenylquinoxaline polybenzothiazoleand polybenzoxazolg °® as well as phthalocyanine
polymerst®®106 Generally most ofttese resins generally lathe softening temperatures, curing

times and temperates, viscosities, and solubilities required for effective proces&ing.

2.1.4.7 Overview of Reactive Groups

As discussed briefly in the section on polyimides the useigbrolkers of varying chemistry
with terminated or functionalized with reactive groups, is a viable method of producing highly
stable resins with improved processing. The use of oligomers, instead of higher molecular weight
pre-polymers, results in lower meliscosities andincreased solubilities. This in turn results in
better moldability and higher quality parts with decreased void content. The use of secondary,
latent curing reactions allows for the removal of volatiles, and the subsequent production of
thermally and chemically stable bonds without additional volatile production. The high degree of
crosslinking results in highgind chemical resistance, but also lower toughness. The backbone

composition and molecular weight can be tailored. Longer thebbaeklinkages between
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crosslinking sites, results in a lower crosslinking density. The backbones may contain linkages

from one class of polymer discussed previously, and the secondary reactive groups front another.

Hergenrothérand Connefl provide information on a variety of reactive end groUjable3.

Table3: Example reactive end groups and crosslinking grdifps

Chemical Approximate
NETS Structure Cure (°C) S
Benzocyclobutene @ 220 Low stability
Biphenylene 350 High cure temperature, brittle
0
Maleimide —Nﬁ 230 Low stability
O
o}
Phenylmaleimide " 370 High curetemperature, qnl_<nown
d stability, not commercialized
(@]
Volatile evolution
MR _N)/\:@ 525559, (cyclopentadiene), brittle
postcured
o]
— High cost, small processing
S = H 250 window, brittle
. <:> High cost, high curéemperature,
TR o 350370 good toughness, excellent stabilit
PP High cost,
Trifluorovinylether © ,(:;_CF2 250 small processing window
unknown stability
Cyanate Ester | —O—=N 200 Low stability
//N 250, postcure
Phthalonitrile :< :o,gos u High cure temperature, brittle
=N +

During the HSCTprogram a number of chemistries were evaluaBshr thermeoxidative

stability was observed for cyanate esters, maleimide, and benzocyclobutene terminated oligomers

when tested at 177 °C. When aged in air for less than 5000 hours, these materialsddisplaye
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significant losses in mechanical properties. Losses were even higher when tested under applied

stresst

While othergroups, such as phthalonitriles show promise, of these reactive groups, aeetylene
terminated compounds have received much attention recently. These compounds undergo
additiontype polymerizations at high temperatur8sveral compounds have been investidat
including propargyl, ethynyl, and phenylethynyl. Of these, propargyl and ethtgmghinated
linkages show substantially lower stability than phenylethynyl link&g&sPhenylethyny
terminated (PET) polymers are generally highly stable but may exhibit slightly less oxidative
stability than their corresponding parent polymers. Of the various crosslinking mechanisms in
Table 3, PET systems result in polymers with high fracture toughheSs. example of
phenylethynylcontaining polymers are the PETI systems discussed briefly in the section on
polyimides. Phenylethynyl groups are stable under harsh synthetic conditions including aromatic
nucleophilic displacment reactions. This allows for their use in a wide range of polymers. These
compounds are commonly produced using endcapping agents, sugpheshdethynyl)aniline
(PEA), and 4-(phenylethynyl)phthalic anhydride (PEPR)PET oligomers show excellent shelf
lives and wide processing windows. The stability of linkages resulting from phenylethynyl groups
is somewhat dependent on adjacent groups. Electron withdragiogps, including
benzophenone, sulfonyl, and imide moieties, inciette® glass transition temperature and the
modulus at this temperatute.

2.1.4.8 High Temperature Thermoplastics

High temperature thermoplastics incorporate flexible linkages betwgeharomatic and
heterocyclic moieties. These materials do not generally undergo crosslinking reactions. The ability
to melt process these materials without additional curing, results in lower cost, shorter molding
times, and greater volume capabilities. Theplastic components may be softened and molded
again to correct errors. Compared to thermosetting resins, these materials usually have greater
toughnessTheir thermal and oxidative stability tends to be somewhat lower however. In addition,
these resinsdve high melting point&> 300°C) and high melt viscosities. Their use is also limited

by their glass transition temperatures which are often around e24e1aC 10 107

The largest class of high temperature thermoplastesher polyarylene etheps including

polysulfone, polyphenylsulfone, polyethersulfone, and polyaryletherketones such as
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polyetheretherketone (PEEK). These materials take up a large sector of the high temperatures
polymers market. Po{grylene etheshavelower stability and strength compared with polyimides

but are more easily processablanother thermoplastic material is an amloous polyimide,
UltemE. Thi s mekted and maded abB#®5 °®, and has agbf 220 °C°

2.1.5 Applications of High Temperature Polymers

As mentioned in thentroduction of this manuscript, thermally stable polymers are used for a
wide variety of applicationd hese include: 13erospace structural composites including radome,
airframe parts, and ducts, engine cowls, thrust reversers and other turbine amgjinet
components. 2pace applications including ablative materials and rocket engines, 3) electronics
and microelectronics including wide bagédp power modules, induction motors, high voltage
insulation and capacitive sensors4) photoresists, 5) Lamguiri Blodgett films, 6) optical
applications including liquid crystalline displaydectrochromic materialsolar cellshonlinear
optical devices, electroluminescent devices, aptital fibers 7) memory devices, 8) fuel cells,
9) fire resistant matais for structural applications, 10) fire resistant and dpgtiormance
textiles, 11) tooling, 12) moldings, 13) heat resistant and environmental coatings, 14) solvent and
temperature resistant gaskets, sealants, tubing, and pipes, 15) componentsrierghesector
including geothermal conversion systems, nuclear reactors, and oil and gas drilling and refining,
16) adhesives17) structural reinforcements, 18) automotive components including binders in
brake pads, filters, and composite parts for highiggmance vehicles, 19) filters and membranes
for other applications20) insulating, and structural foams, and @tt)er industrial applications

including conveyor belts, abrasive wheels, and cutting disgs%2 108109

Desirable properties vary depemgl on the specific high temperature application. All
applications discussed here require high thermal and oxidative stability. The material must be able
to resist log exposure times and cyclic heating without degradation of propertiesosh
applications it is preferred that the polyrigeglass transition temperature be outside of its use
range.Thus, in an electronic application demanding use #30rto 300°C the Ty should be either
below or above this temperature range. This may be less critical for materials with multiple smaller
transitions, such as copolymers or polymer bleMisst polymers with glass transitions belew
30 °C, i.e. silicones, have limitedermal stability Thusgenerally the Ty needs to be above 300
°C for this applicationin addition, polymers have limited lodmbaring capabilitiesear or above
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their Tq. Thus, for aerospace composites themust bewell above the use temperature. For

example supersonic aircraft applicatioatso demangylass transitiomabove 300 °C

Most applications require high tensile strength and high interfacial strength. If the material
develops cracks or delaminates at high temperathee part may fail.In addition, most
applications also require resistance to other environmental factors. Polymers should have low
moisture uptake and high solvent resistansemice The elastic modulus is of interest; however
its desired values depend on application. Ebedt encapsulants often requimited stiffnessto
compensate for thermal stressiesr aerospace composites, much higher matrix stiffness may be
desired. Dielectric properties are of critical importance for electronics and for some composite
applicatios. Encapsulants require low dielectric constant, low loss, and high dielectric strength.
Low permittivity (dielectric constant) minimizes cross talk between components, minimizes power
dissipation, and improves signal propagation speed. High dielecamg#t prevents conduction

through the insulating polymer.

The ease of processing and cost of materials also plays an important role. It is generally
desirdle to work with liquid resins or monomers with fairly low melting points. These solutions
should mssess low viscosity. Although the final product often requires solvent resistance; the pre
polymer resins should have good solubility in common solvents. This may be difficult to achieve
since chemical structures that result in good solubility tend t@dee the thermal stability of the
polymer.A large processing window should also exist between the melting point and the initiation

of polymerizationThe monomeshould also not degrade or react in storage conditions.

The influence and motivation for this dissertation comes primarily from the applications of
aerospace composites and wide bgad power modules. Thubese are discussed in more detail

below.

2.1.5.1 Aepospacedomposites

Since the 195006s, t he a e with sverhigher requitesnansstfor y a s
performance and cost, and evwecreasing volumes of parts required. New materials were required
to enabk technological improvemesdf hot airand space vehicle structures and turbine engine
components? These polymematrix composites (PMCS)eeded tchave low density, greater
mechanical properties and retentiortleése properties at high temperatures, and higher thermal

and oxidative stabilityPMCsare increasing used to replace metalapplications that see 200
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350 °C.Engine nozzles for mildry aircraft are exposed to temperaturegt@d °C and must
operate ér thousands of houtd® These temperatures are well above the operating temperatures
of common industrial polymers such as epoxiHse use in space environments recgimv
moisture uptake and resistance to UV and ionizingatmti>® For missile applicationsncluding
air-launched standff missiles and aito-air tactical missiles, polymer composite airframes must

be capable of maintaining strength for several minutes at temperalbunes 540 °CBoth space

and missile applications also experience short exposure to temperatures as high as 816 °C during
launch and rentry!® Such composites may also find use in hypersampiglications, where
structures are subject to high loads and heat fluxes for several miintesne structuregor
vehicles with cruise velocities dflach 2need to perform at temperatures around 180 °C for
extended periods of tim&his longterm perbrmance requires materials with oxidative stability
above 320 °C® Longrange cruisamissiles, stealth vehicles, space vehicles, also require high
temperature polymeromposites and adhesivéhough the fibers may play a role in oxidation

and diffusion of oxygen, the majority of the mass loss and degradation of these composites is
driven by the polymer matrixPolymers with even higher stability and easier processiag ar
continually the subject of researth.

2.1.5.2 Polymer Encapsulation

High-temperature power modules use wibndgap semiconductor materials such as silicon
carbide (£C) instead of siliconResearchonSitt ased power modul es began
Originally, SiC device research was driven by obtaining higher reliability in harsh environments.
However it was discovered that SiC devices also offered significaahtatyes over silicon power
modulest!! These devices are only just besing commercially availableResearch and
commercial application of this technology continue to gam while many challenges have been

overcome, several reliability issues remain.

Compared with silicon based modules, these-gereration devices maypgsess lower power
losses, higher switching speeds, higher current densities, increased durability and reliability,
greater resistance to ionizing radiation, reduced weight, and the ability to operate -in high
temperature environment$'* 1°*Heat is produced by electronic devices as well as other sources
in the system including engines, gear boxaew the environment itself. This often creates high

operating temperatures, especially for components for automotive, aerospace, nuclear power, and
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downhole oil and gas applicatioA¥ In addition, the device efficiency increases with
temperature, and the removal of cooling considerations can result in reduced weight of the
system''! Thus, all components of these devices must function together at temperatures above 150
to 200°C.1°% 3Encapsulation compounds are a critical component of these power modules. These
encapsulation materials provide electrical insulation, and pribtectevices from mechanical and
environmental damage from thermal stresses, physical abrasion or impact, moisture, mobile ions,

contaminates, and radiatiéh

Polymeric encapsulation compounds may be broken into two classes: hard and soft materials.
Hard materials have glass transittemperatureTg) above the operating temperature, while soft
materials operate above they. Unfortunately, soft encapsulants degrade at lower temperatures
while hard materials provide thermomechanical problems due to higher moduli, and brittle failure
behavior. Usually, thermal properties, mechanical properties, and processing characteraiics a
related to the rigidity of the polymer backbone. Polymers with mgie backbones have higher
Tg, higher stability, and higher elastic moduli. It is difficult to design polymeric materials that
possess both high thermal stability and flexibilifyhus, the lack of reliable encapsulation
compounds may be considered the greatest hurdle to the development and usteoipegature

electronics®

Currently a variety of polymer materials araditionallyused as encapsulariés silicon power
modules including silicones, epoxies, polyimides, and benzocyclobuténé3!4 However, as
discussed in previous sectionsany of these materials cannot operate for extended periods above
200 °C without severe degradatiofao,®® Scofield!!! and many other authors have shown that
the properties of these neaials degrade during prolonged expogorthese conditiondviaterials
harden through crosslinking reactions, and crack and delaminate due to thermal stresses. The
increase in defects and degradation of the polymer chains causes a decrease in dielectric
breakdown strength. Silicones and epoxies begin to degrade at temperatures al20& C74*

Some stabilization of silicones up to 280 may be achieved by the addition of fifesuch as
alumina nanagods!'® However, the inclusion of fillers increases the resin viscoBijyimide
materials are stable above 281 but are difficult to process into void free components and present

significant thermomechanical reliability concerft$
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Several categories exist for encapsulants. For potting compounds, the device is covered in a
liquid resin and the resin is cured. Underfills are used to encapsulate the bottom of chips by flowing
betveen the chip and the substrate. Molding compounds are melted and injected around a chip or
device. Conformal coatings are thin films that cover the surfaces of a printed circuit board. These
categories each require different properties and serve slajffdyent functions. Ideal properties

of uncured monomers and oligomers are givehahle4.89 116

Table4: Encapsulanprepolymer propertie®> 116

Property Cgr(;l;ci?rr]ngal Underfill Cl\(;lr?llgcljnugn d Potting Compound
: . <20 Pa-s Low at elevatec

Viscosity N/A near 25°C temperature <50 Pa-s near 25C

Pot Life <30 min 8-24 hours N/A 8-24 hours

Once cured, encapsulation materials need to possess low dielectric constant, low dielectric loss
and high dielectric strength, low electrical conductivity, low viscosity, and high thermal stability.

The ideal properties of encapsulation polymers are giv&able5.8% 116

Table5: Encapsulanpolymer propertie§® 116

Conformal : Molding Potting
Braperty Coating Underfil Compound Compound
Dl el 020 KV 6 10 KkV/ mm
Breakdown
Permittivity , O 5
Moisture 0 . .
Absorption < 1% weight gain in 88C RH
Thermal
Conductivity > 1 WimK
Max >250-300°C
Temperature
Tg N/A > 265315°Cor<0°C
CTE N/A 20-30 ppm/°C \ <20 ppm/°C N/A
Elastic Modulus Varies 3-10 GPa N/A

The coefficient of thermal expansion and elastic modulus must be such as to limit thermal
stresses. The glass transition temperature must be avoided, since this can cause mechanical failure.

The material must be able to resist long exposure times and bgeliing without degradation of
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properties, cracking, or delamination. Lpermittivity minimizes cross talk between components,
reduces power dissipation, and improves signal propagation speed. High dielectric strength

prevents conduction through the ulegting polymer.

2.2 Phthalonitriles

Phthalonitrile (PN) polymers have attracted attention for potential applications in extreme
environments, e.g. as a higlerformance structural compositasjcroelectronics, coatings,
tooling, textiles, or highemperature encapsulants for wide baag power module¥® These
polymers are usually comprised of a short aromatic chain¢cagmgled with phthalonitrile groups,
as shown inFigure 4. Bis-phthalonitrile compounds are the most common structure, though
monomers with multiple branches are also produPé&thalonitrile monomers possess low melt
viscosities andra soluble in many common solvenkonomers are melted and polymerize at
high temperatures to form a heterocyclic ctlisked thermosetExample structures formed are
shown inFigure5. Curing occursn the presence @f catalyst, usually a thermally stable aromatic
amine. The curing reaction progresses by addition polymerization via the phthalonitrile cyano
groups and doesiot produce volatile byroducts, facilitating the fabrication of dense
components? Stae-of-the-art curedPN polymersossess high flammability resistance, excellent
mechanical and dielectric properties, and low water absorpttéit. Although these materials
show exceptional thermal and oxidative stability hermogravimetric experiments and during
hours of exposure at temperatures betweerdPBOC % ° 2928 their longterm thermeoxidative
stability requires improvement to meet the challenging demands of the extreme applications.
During longer exposures to air at high temperatures, many phthalonitrile polymers experience
significant weight losses, volume shrinkage and crackifyy2?2% 26 22 Furthermore, oxidative
aging studies of durations longer than 48 hours and subsequent analysis of degradation regions,
are rarely reported ithe phthalonitrile literature. Such experiments are critical in gainimg a

understanding of material degradation modes and behavior in service.

peacisncd

Figure 4. Bis-phthalonitrile monomer, where X representgaaiety of backbone chemistries.



Figure 5: Example networked structes, phthalocyaninadp left) and triazine ljottomright).®®

2.2.1 Brief Historyof Phthalonitrile (PN)Resins

Historically, phthalonitriles and subsequently phthalocyanines have been used in the production
of paints and dyes. The first thermal evaluations were conducted in 1934 by Dent and Ltistead
It was observed that phthalocyanine sublimed at 560 °C without degrading. Marvel and
Rassweiler'® produced low molecular weight phthalocyanine polymers in 1957. In two 1968
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papers by Leipins et af*?°the production of various polymers via the polymerization of nitrile
groups,including phthalonitrile is described. Polymerization occurred at elevated temperatures
with the addition of terbutyl hydroperoxide or diertbutyl peroxide Figure6 tracks numbers of
publications phthalonitrile polymers starting around this time period. For referEiyee 7
shows numbers of publications per year for polyimide polymers. It is efthat this data is
skewed to what is available online and older publications are likely somewhat excluded. Still,

differences are evident in the magnitude of research between phthalonitriles and polyimides.

Beginning in the 1980s phthalonitrile polymers gradually became the focus of increasing
research and development. In the subsequent decades, extensive resphticalamitrilebased
polymers was conducted at the U.S. Naval Research Lab by Keller and his coworkers. The
motivation of this research was to develop an alternative to polyimides that provided significantly

easier processing, not requiring extremely ditigremoval of volatiles by the use of complex

curing cycles or autoclave procesées.
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Initially, phthalonitrile monomersconsisted of short, highlgromatic backbonewith high
melting points.Consequently, these compounds had high proggdsimperatures and small
processing window® Subsequent researttas been devoted to producing low melting point
monomers and improving the processing of tioéymers. Specifically, thermally stable, yet
flexible linkages have been incorporated into a wide variety of mondntéfs.In addition,

oligomers were developed from flexidiaked phthalonitriles:® 1% 24 These oligomeric
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monomers resulted in melting poirats low as 41 °C and more stable viscosities, at the cost of a
small decrease in thermal stabiff@Another area of focus was diminishing the impact of moisture
on the glass transition temperattfAdditional recent phthalonitrile research has focused on
controlling the viscosity as a function of curing additive, and usingcseihg materials to

decrease the curing temperatiffe?”. 122124

Microcracking has longbeen aproblemin phthalonitrile monomers. The development of
flexible-linked oligomeric monomers has alleviated this issue to some degree, resulting in tougher
materials during shoterm thermal experiments. However, microcracking is still a significant
issue. In 2017 Koerner et®&lconducted a longerm oxidative stability study on two commercially
available phthalonitrilesat the Air Force Research Laboratoijhe resins showedxidative
stablities significantly lower than a referencelgimide material. Significant cracking and weight
loss were observedNew chemistries and approaches are required to improve the oxidative

stability and resistance to microcracking of phthalonitriles, while maintaining good processability.

Traditionally, phthalonitrile research has been driven primarily by polymer matrix composites,
however the resins are also finding use for other applications. For example, rEbesatty al 12
used aresorcinoibased phthalonitrileoriginally developed by Kller and Dominguée? for
electronic encapsulation. Alumina and silica fillers were added to improve the thzidabive
stability and tailor the CTE to better match other components of theogliegiiackageA package
encapsulated with silieflled PN resin was able to withstaBd0 °C and 190 MPa for 16®trs

without failure.

2.2.2 Chemistries of Phthalonitriles
Monomers are commonly synthesized by reaction with and aromatic bisphenols invatving th
nucleophilic displacement of the nitro group onitophthalonitrile® This reaction yields low

molecular weight chas endcapped with phthalonitrile groups as showiigure8.

CH NC CH
Base
—_—
HOAEREI*OH + 2 O, @ CN  pmso  NC @ R, @ CN
n n

Figure 8: Monomer Synthesfs
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A largevariety of phthalonitrile polymers have been produced by Keller and other grooges
than can be covered in this manuscrigackboneihkages incorporated in literature incluilet
are not limited to bisphenof resorcinol® pyrocatechot?® biphenyl?® 126127 naphthyl®®
triphenylmethané?® methyltriphenylmethan&*ketonet> 28 12%mjde 2" 100 13hismaleimide'?>
131 phosphine oxidé? phosphazen® 32 oxadiazole'?® benzonitrile! 2 aminobenzeng® %7
benzoxazine€ 133 triazine?® 134 propargyl** phenylethyny#®° sulfonel® 24 phthalazinoné??
phenol**® fluorenel®” silazane! carboxysilané® °2 carbosilané? siloxane® °3 and

silsesquioxane group$.

2.2.3 Processing of Phthalonitriles

As mentioned previously in thsection2.2.], the first generation of phthalonitrile resin
involved short crystalline chains synthesized with bisphenols amitrephthalonitrile. These
resins showed high melting points around 28D °C, and thus smafirocessing windowslhe
initiation of polymerization, and thus increase in viscosity, Uguatcurs above230 °C
Processing and curirgyeusually limited to temperatures between°@above the melting point
and 30°C below the resin decomposition temperatitghly thermally stable units, such as
aromatic and heterocyclic segmenitsiprove the stability of thepolymer but also make the
polymer difficult to process and the resulting material britl&@hese structures increase the
melting pointandmelt viscosity, and make the material insoluble and infusildowever, low
melting points(< 200°C), low melt viscosities, and large processing windows are required for
non-autoclave processing techniques such as filament winding and resin transfer fBigibegt
research has focused on improvprgcessingFlexible linkagesvere incorporateend oligomeric
polymers were developed with improved progggsharacteristicsThis resulted in monomers
and oligomerspossessg softening points of 4A50 °C.> For example the incorporation of
oligomeric aromatic etherontaining linkages into the phthalongrpolymer chain resulted in low
molecular weight monomers with melting points between 50 an@9M general, phthalonitrile
monomers also have low melt viscosities, with minimums on the orde0dfl Pa-s® 2> Most
recent phthalonitrile monomers are also soluble in common solvents including toluene,
tetrahydrofuran(THF), chloroform, methylene chlorid€DCM), acetone, dimethylformamide
(DMF), and dimethyl sulfoxid¢DMS0).2+2?

41



Polymerization of phthalonitrile materials is usually accomplished using several heating steps
at a series of temperaturéBepending on the chemical structure of the monomers, the softening
point may be anywhere from 450°C. The curing additive is often mixed into the melawever,
the additive may also be drgixed with the monomer powder, or weixed by dissolving the
monomer and catalyst and then removing the solvent. The polymerization rate may be controlled
by controlling the processing temperatgréhe specific curing additiveelected, and amount of
the curing additive usedCuring of monomers occurs via cyano groups on the phthalonitrile
moiety. The curing reaction is shown Figure 9. This occurs withthe addition of a catalytic
amount of a curing additivat temperatures above 200. Initially, at 2002 50 A4 di i mi ne
isoindoline intermediates are formed. These compoundswéh@dditional phthalonitrile groups
to form triazine and phthalocyanine macrocycles afi 250/ 5 >A°%° This polymerization
occurs via an additienyclization reaction to form a highly crebeked network without the

production of volatile byproducts.

A general heating profile of a phthalonitrile/curing agent mixture involves ig&kitionat
160-250°C for 2-12 hours followedadditionalcuring/postcuringsteps at various temperatures up
to 370415 °C for 416 hours eachThe use of multiple temperature steps allows the thermal
stability to increase before being exposed to a higher curing temperature. Higher curing
temperatures are reqed to overcome sterfundranceand form the triazine anghthalocyanine
structures. Greater phthalocyanine formation is desirbblag more stable than triazine. In fact,
the phthalocyanine moiety is reported to be among the most thermally and okidstide
known organic compound8 As the reaction progressele resulting polymer linkages become
more sterically constrained. This in turn reduces theofafierther curing and necessitates higher
temperature steps. It has been shown that even after extensh@iogsome cyano groups
remain uneacted due tcsteric hindrancé' Thus, unreacted intermediates, and incomplete

phthalocyanine structures also likely exist.

At anystage in this process, the reaction may be quenched to form a partially cursthged
prepolymer. This staged material may be kept in ambient conditions almost indefinitely without
further reaction or degradatiéhiThe prepolymer may then be melted and fully cured at a later

time. It may also be pulverized and molded into desired shapes.
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Figure 9: Polymerization of phthalonitrile grqas X-H denotes theuring additive containing
active hydroges' 1> 7®

Purephthalonitrile monomersften do not contaiman active hydrogeror other nucleophilic
moiety and thus the polymerization of these materials is difficult. Without a curing agent the
reaction is extremely slow, requiring several days of heating at temperatures ab«a9 260
before any viscosity increase is obser¥€d\dding a small amount (<18t. %) of a nucleohilic
compound results in a much greater degree of polymerizatitfithe rate of conversion and
specific products depend on the chemical structure of the monomer, and catalystraboneand
type. For example more basic amine compounds result in higher rates of polymetization.
Polymerization of phthalonitrile monomers with a bi¢fdaminophenoxy) pheny§ulfone -
BAPS) curing agent occurs at temperatures above2Z00C, depending on monomer backbone
chemistry and amount of catalysExcess catalyst shortens the time the resin remains melted prior

to polymerization. The use of too little curing additive results in incomplete curing within a
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reasonable time periotinreacted or incoplete structures are less thermally stable than triazine
or phthalocyanine and result in a lower degree of crosslinking. Thus, it is desirable to optimize
processing and chemistry to push the curing reaction to a high degree of convdrsiamount

of curing additive must be tailored to specific processing requiremerg$elieved that the curing
additivesdo notremain bonded to the matrix, especially at high temperatures. Thus, the use of
excess curing additive contributes to weight loss of thenpedyThis has stimulated research into
self-curing phthalonitrile monomers, which incorporate amines, hydroxyl groups, or other

structures in the monomg.%7. 122124

A curing agent needs to fit several criteria: 1) It should react with the phthalonitrile monomer
to generate an intermediate species, 2) this intermediatddsreact with excess phthalonitrile
monomers to from a polymer structure, 3) the resulting linkage should be thermally stable, 4) the
reaction must occur under reasonable processing conditions and progress in a controlled manner,
5) the curing agent mtbe thermally stable and may not degrade under processing conditions, 6)
the curing reaction may not produeelatile products, 7) the curing agent canwolatilize or
segregate during the polymerization, and 8) the curing agent must be soluble adispsiised
in the monomer meft Regarding #5, any degradation of the curing agent not only rethuees
polymerization but releases volatiles and creates products which decrease the thermaP%tability
Several types of curing agents may meet thageria depending on the specific phthalonitrile and
processing conditior€. Some curing additives include: aromatic amines, transition metals and

their salts, strong organic acids, strong organic acid/amine salts, and phenolic cafipound

Thermallystable aromatic amines are commonly used for this purpose due to their thermal
stability, solubility in the polymer melt, and teability of the resulting polymers® 8 % 10°rhe
addition of only 23 wt. % canincrease the curing rasggnificantly, allowing faster processing at
lower temperature® Some specific amines used include and p-phenylenediamine, 44
methylenedianiline, 4aminophenyl ether, 44p-phenylenedioxy) dianiline, -dminophenyl
sulfone, 1,3bis(3-aminophenoxy)benzenafAPB), bis[4-(3-aminophenoxy)phenyl] sulfonen
BAPS), and bis[4(4-aminophenoxy)phenyl]sulfon@BAPS).3 Work done at NRL found tha-

APB exhibited some volatility. More thermally stable amines suclp-B&PS resulted in

improved processing and the resulting propeffies
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Metal salts are another class of curing additives that have received attefitidfit was found
that the addition of metal salts decreased the curing temperature significamtyer the thermal
stability and the char yield also decreased. It is possible that they may be of great benefit if used

in conjunction with other curing agents.

2.2.4 Properties of PhthalonitrilePolymers

Phthalonitriles possess excellent properties, oftelaleq or exceeding most polyimides. The
glass transition temperature ¢fTis related to the maximum cure temperature. Organic
phthalonitrile polymers cured above 330 generally have glass transition temperatures above
400°C, if observed at all. Polymeicured between 36860 °C usually show glass transitions in
the range of 20860°C.2° The high T is due to the highkgrosslinked nature of the polymer and
the rigidity of triazine and phthalocyanine moieties. This results in decreased backbone mobility
even at elevated temperaturékey retain their mechanical properties and thermal stability during
shortterm exposure to temperatures greater than°84 inert environments and 32& in
oxidizing environment$.In thermograimetric measurements phthalonitrile polymers exhibit a
5% weight loss in range of 48B0°C in both nitrogen and air environmeft§34The polymers

also show high char yields due to unreacted nitrile groups reacting during degradation.

Although these materials show exceptional thermal and oxidative stabili@Amrexperiments
and during hours of exposure at temperatures betweed®BT % % 2028 their longterm therme
oxidative stabilitywill requre improvement to meet the challenging demands of the extreme
applications.While significant information is available on shoetm thermal properties, few
studies are reported on extended thermal aging for more than 200 Aiiensiperatures below
260°C, less than 5% weight loss was observed up to 200.AbNsdegradation of mechanical
propertiesvas reported after aging samples at 2D%or 100 hours® Aging at temperatures above
300320 °C resulted in higher weight losses, a2 decrease in flexural strength, and the
formation of crack$ 1° 22 26. 24t js of note that higher curing temperatures almost always result
in higher TGA results, but sometimes lower oxidative stabilityraadhanical properties®This

may be due to degradation of the material at the curing temperatures and a decrease in toughness.

Phthalonitrile materials are particularly useful for applications demanding low flammébility.
In fact, they are the only polymeric matrix composites to meet theNJaSv y 6 sSTIM2D31
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flammability standard for submarine components. This is due to their lower evolution of smoke

and toxic fumes and high char yiéid.

Polymers show low moisture uptake on the order of30947after longterm immersionn
water®®> 124These materials also exhilgipod adhesiotp a variety of substraté8even bonding
to Teflon at high temperatures. Coefficients of thermal expansion are in the rabeb®f
ppm/oC138

Phthalonitrile polymers mechanically behave like highly ctiodsed brittle resinsin tensile
tests, they undergo brittle failure with tensile strengths and elastic moduli in the rang&ldf 72
MPa and 1.7.3 GPa respectively!® 2°For exampleWarzel and Kellef investigated the tensile
properties of an aromatic dietHetked phthalonitrile resin, 44is (3,4
dicyanophenoxy)biphenyl, cured with h8&(3amino phenoxy)bemne They measured the
tensile strengths and double torsion fracture of polymers after curesysestand thermal aging
conditions. All samples were initially cured at Z4Dfor 6 hours and 28T for 16 hours. Samples
cured at 315C for an additiona4 hours in air or at 35TC for an additional 12 hours in argon
had tensile strengths of 94 MPaging samples at 315C in air for 100 hours gave a tensile
strength of 72 MPa. Samples underwent brittle failure. Samples cured at 315 86chad=last
modulus ranging from 2:3.6 GPa.

2.2.4.1 Thermal Properties

The thermal properties of phthalonitrile resins have been evaluated in a number of publications
by Keller and his coworkers at theval Research Laboratotgeller and Pricdcured bisphenel
linked phthalonitrile monomers with various amines and-postd at a maximum teperature of
280°C. The use of amine curing agents results in lower curing times and temperahaesal
and oxidative properties and water absorpti@memeasured. It was reported that curinghe
presence of aamine results in more thermally stalpolymers than curingf the material without
a catalyst The stability was dependent on the reactivity and amount of amine curing agent used.
The use of 4,4(p-phenylenedioxy) dianiline and-@minophenyl ether curing agents resulted in
rapid reactionsThe use of 4,4methylene dianiline resulted in a somewhat slower reaction. The
curing agent saminophenyl sulfone corresponded to a slow reaction, and higher amine content
was required to reach equivalent thermal stability. The polymers formed withm&dylene

dianiline andm- and p-phenylenediamine showed porosity issues when the amine content was
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higher than10 wt.%. This was attributed to the curing agent volatilizing during cure. The
temperature at which the polymers had experienceu.20 weightloss ranged frord40-490°C
in air and 468488°C in N.. The polymers showed 0175% water absorption after immersion in

water for two months.

An imide-containing phthalonitrile resin was synthesized by K&fdrom a di(amic acid)
phthalonitrile intermediateThe monomers were imidized prior to polymerization. Addition
polymerizationoccurred via the phthalonitrile cyano groups, at temperatures below the monomers
melting point but above the glass transition temperature. As noted sectiorPolyimides(PIs),
porosity issuesreassociated with the evolution of volatiles during itihélization condensation
reaction. By premidizing the monomers and then polymerizing them via a different method with
reactive end groups, the porosity may be avoided. The iptittelonitrile polymer showed
excellent thermal stability. TGA graphs reveal, bccurs between 56840°C in Nz, and around

470-500°C in air. The initial degradation was attributed to failure in the imide moiety.

Keller and Dominguex?® synthesized a resorcinbbsed phthalonitrile polymer with a large
processing windowThe polymer was comprised tfo aromatic ether linkages, end capped by
phthalonitrile units. DSC was used to identify melting and reaction temperatures. The monomer
was heated along witthe amine curing additivd,3-bis(3,4dicyanophenoxy)benzene{APB).

Melting occurred around Br179°C, and polymerization between 2889 °C. The 5% weight

loss occurred around 5¢810°C in Ny, and around 5208C in air.

Oligomeric versions of thaesorcinolbased phthalonitrile were then synthesiZethe
backbone length between the terminal phthalonitrile groups was vahed = 2 and n = 4
oligomersdisplayed softening points nedd °C. The curing additivep-BAPS andnAPB were
used and polymerization was initiated around 200 P@lymer melts showeaw complex melt
viscosites in the range .01/ 0.1 Pas at 200°C. When cured to 375 °C forBours, polymers
showed 5% weight losses at 4397 °C in air and 488309 °C in nitrogen. When cured to a
maximum temperature of 425 °C for 8 hoursy increased to 54858 °C in air and57-567 °C
in nitrogen.When aged in air at 260 °C, the n = 4 oligoimehthalonitrile polymer with 5 mol %
p-BAPS retained 98 wt.% after 100 hours and 95 wt.% after 200 Hdamsoligomeric resorcinol
and biphenyl phthalonitrilesetained 99100 wt.%.The curedligomeric phthalonitrilgpolymers
did not show glass trangins below 450 °C in DMA.
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Blends of a biphenyl phthalonitrile and the oligomeric resordiasled phthalonitrile were
investigated by Dominguez and KelférSpecifically the n = 4 oligomeric phthalonitrile was
studied, resulting in approximately six aromatic ether linkages in the chain. The two monomers
differed significantly in properties. THaphenyl PN monomer had a high degree of crystallinity
and high melting point, around 233 °C. The n =4 PN monomer had a lower degree of crystallinity
and much lower melting point, around 40 °C. The biphenyl PN was much more riged due to the
parasubstituted Iphenyl group. A degree of flexibility is introduced in the medéenated
aromatic ether groups of the n = 4 PN oligomer. The individual resins have several shortcomings.
The biphenyl PN had a small processing window of onri8@0C.The n =4 PN oligomeequired

high temperatures around 425 °C to be fully cured.

DSC, TGA, and rheology studies were conducted on the polymer blends. It was reported that
the biphenyl PN monomer and n = 4 PN oligomer had low complex melt viscosities above 235 °C,
around 0.041 Pa-s. The melt viscosities of the polymer blends fell between the values of the neat
polymers. Higher n=4 PN oligomer contents resulted in larger processing windows, lower
crystallinity, and lower melting points. A maximum temperature of 425 °C wasddedully
cure the copolymer3.GA was performed on polymer blends comprised of 75:25, 50:50 and 25:75
biphenyl PN/n=4 PN ratios. In nitrogen atmosphere, polymer blends cured at 375 °C showed a
weight loss of 5% at 550, 535 and 493 °C, respectivelyir itha 75:25, 50:50 and 25:75 blends
exhibited 5% weight loss at 580, 559 and 512 °C, respectively. When cured up to 425 °C, the
blends exhibited higher 5% wt. loss temperatures, arounéb73C in nitrogen. The decrease of
stability with increasing n=BN content was explained due to the decrease in-tinkgsy density.

The longer term thermoxidative stability of fully cured biphenyl and n = 4 PN polymers and
polymer blends was also evaluated. Powdered polymers were aged in the TGA chamber at 260 °C
in air for up to 200 hours. The PN blends retaine®@®% of their weight after 100 hours and 91

94% after 200 hourd.he biphenyl PN and n = 4 PN materials also showed weight retentions of
98-100% and 999% after 100 and 200 hours respectively.

A series of publications focus on the synthesis and processing of oligomeric-IREEK
phthalonitriles containing aromatic etHetone linkage&> * 25 139 |n 2005, Laskoski,
Dominguez, and Kelléreport synthesizing one of these compdsalso synthesized an aromatic
etherketone based oligomeric phthalonitrile (abbreviated here as-RIEKmonomer from
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bisphenol A, 4,4@lifluorobenzophenone, andndtrophthalonitrile in a twestep reaction. They
compared the properties of the AHMN to a known resin, 2;:bis[4-(3,4
dicyanophenoxy)phenyl]propane (BAPh). Polymers were cured with-@isininophenoxy)
phenyl]sulfone. The BAPBystem had a melting point around @and began curing with the
addition of the curing additive around 2%0, resulting in a processing window of 86. The
curing agent was chosen gBAPS (bis[4(4-aminophenoxy)phenyl]sulfone) due to its thermal
stability in the processing window of the BAPh polynmire addition of aromatic ether groups in
the chain loweredhe softening and melting temperatures of the polymer. The-REKhowed a
softening temperature of 7&, was fully liquid at 145C, and had a processing window of 110
°C. DSC confirmed an endothermic softening transition arourf€C7#nd showed an exotimeic
curing reaction around 31%. For the BAPh polymer, a sharp melting point at 18%nd an
exotherm between 28875°C was observed.

Rheometric measurements indicated that the ABKwas not fully cured compared with the
BAPh. The longer chain of 6hAEK-PN polymer hindered the reaction with the curing additive.
Postcuring the AEKPN for 4 hours at 37%C and for 8 hours at 4Z2% increased the amount of
curing and resulted in an improvement of the storage modi@®A&.was used to investigate the
thermal and thermoxidative properties of the polymers. The cured AENK and BAPh polymers
showed 90% weight retention at 505 and 520n Nz and 530 and 55%C in air respectively. The
AEK-PN was postured for 4 hours at 37& and for 8 hours at 42% and then tested in nitrogen.
Postcuring resulted in a higher thermal stability, with 90% weight retention atG6bhe longer
term thermeoxidative stability of AEKPN was investigated by stepwise heating from-2%8
°C in with 8 hour hold timesA cumulative weight loss around 8% was observed after heating to
375°C in this manner. It is noted that 5% of this weight loss occurred during the final hold at 375
°C. The AEKPN polymer showed low water absorption over the course of 50 days immersion.
The polymer gained approximately 2.3 Wk with the water uptake leveling off after around 40
days. It was concluded that the incorporation of ether linkages between terminal PN units results
in a lower melting point and easier processing, while maintairoog énal polymer properties

Laskoski and Keller et dlcontinued their work on oligomeric aromatic ether ketbased
phthalonitriles by replacing the more expensiveGdjfluorobenzophenoneiith a lower cost
reactant 4,46-dichlorobenzophenorrelt was reported that the fluorine unit was more reactive
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however, and thus the chlorine group was more difficult to displace. To overcome this, the reaction
temperature needeto be 35°C higher, around 180C. The reaction was performed in a high
boiling polar aprotic solvent (DMSO), with a small amount of toluene. The addition of toluene

allowed the distillation of water, formed as a byproduct.

Mechanical and thermoxidative analysis was conducted on gwdymer. The phthalonitrile
resin possessed a melting point aroun@@0T he viscosity decreased as the resin was heated. The
resin showed a viscosity of 275 cP at 26075 cP at 200 °C, and to 40 cP at 260Two curing
agents were investigated, indlng bis[4(4-aminophenoxy) pheny§ulfone p-BAPS) and Cu(ll)
acetylacetonate (Cu(AcAcptoluenesulfonic acid (TsOH). The metal saltopper
acetylacetonat@nd the aromatip-toluenesulfonic acid monohydrate (Cu(AcAc)/TsOhixture
was chosen du® havinghigh solubility in the resin. Thp-BAPS had been chosen previously
due to its high thermal stability, however the lower melting points of the-REKoolymer allowed

for other choices, such as Cu(AcAc)/TsOH, to be evaluated.

For the phthalonitrilecured with p-BAPS (p-BAPS-PN), DSC showed exothermic curing
reactions starting around 24@ with as peak at 280C. For the phthalonitrile cured with
Cu(AcAc)/TsOH, exothermic reactions began around°tsand showed three peaks around 190,
263, and 345C. The glass transition temperature increased with increasing curing temperature
and time. After curing at 350°C for 2 hours no glass transition was eviddot the
Cu(AcAc)/TsOHPN system For the BAPSPN polymer a §around 235C was observed after
curing at 350°C for 2 hours and the polymer did not showgaffer curing at 400C for 2 hours
FTIR showed triazine ring and mefate phthalocyanine formation in tpeBAPS-PN polymer.
However the Cu(AcAc)/TsOHsystem showed mostly the formation of phthalocyanine structures.
Weak absorption peaks, attributed to #@N groups, were more evident in tigeBAPS
phthalonitrile. This indicated that the Cu(AcAc)/TsOH system resulted in a more complete cure.
The polymes were then postured at 375°C. TGA analysis between 25 and 100D was
conductedPolymers withp-BAPS and Cu(AcAc)/TsOH showed 95% weight retention at 490 and
505 °C respectively under an inert atmosphere and 490 and°’Glfespectively under air.
Cafastrophic degradation was observed between 600 antil80¥hen the polymers were post
cured to 415°C for an additional 2 ¢urs the thermal stability improved for the BAPS
phthalonitrile. Longterm thermal stability was evaluated using stepwise heafihg8 hour hold
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times between 250 and 37& in air. It was shown that the Cu(AcAc)/TsOH curing additive
accelerated the oxidative degradatiBolymers withp-BAPS and Cu(AcAc)/TsOH cured at 375
°C showed cumulative weight losses of 3.9 and 19.5% ragelsc When the posturing
temperature was increased to 405 weight losses increased to 21.2 and 61.8% respectively. It
was concluded that pestiring at 415°C temperature resulted in degradation. It was noted that
methyl group scission occurs in pienol A around these temperatures. After heating in distilled

water for 24 bursat 100°C, both polymers showed a weight gain of 1.5%.

Further work was completed on this chemistry in 281Bhe effects of thep-BAPS curing
additive was contrasted with that dfis[4-(3-aminophenoxy)phenyl] sulfonem{BAPS).
Concentration of both additives was varied betwe&&.%. Polymerization occurred at a faster
rate with the use ah-BAPS and at the higher concentration of 5 wtleavas reported that the
glass transition and the shaoerm stability in TGA improved with increasing the posting
temperature to 415 °@onversely, tensile and flexural strength was maximized after curing to
330350 °C. Maximum tensile and flexuralrestgths of 71 and 117 MPa respectively were
observed After aging for 100 hours at 302 °C in air, the polymers retaine81%6 of their
mechanical properties. The materials also exhibited excellent flammability resistance when

compared to cyanate esterslgmenolic resins.

Oligomeric phthalonitrile resins containing aromatic ether phosphine oxide were studied by
Laskoski, Dominguez, and Kelléf Monomers were prepared from bis(4
fluorophenyl)phenylphosphine oxide and excess amounts of either bisphenol A or resorcinol, with
of K2CGQs in a N,N-dimethylformamide (DMF)/toluene solvent mixture. These monomers were
then enecapped with 4hitrophthalonitrile. DSC was used to identify glass transitions, melting
temperatures, and study exothermic polymerization. TGA was conducted to studyrthe the
oxidative stability from 250 to 408C. FTIR and*H NMR spectroscopies were used to confirm
the structures of the monomers. The storage modulus and damping factor were measured using a

rheometer.

The oligomeric PN monomers were soluble in common acgsolvents including DMF,
acetone, toluene, ether, chloroform, &@M. The monomers exhibited g dround 7590 °C and
were fully melted at 150C. Polymerization occurred from 24%50°C. Polymers cured to 37&

exhibited 5% weight losses around 49D in N2 and 496495 °C in air. Longer term thermo
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oxidative stability was analyzed using a stepped heating profile frord@B0C, similar to that

used irreference®. After heating up to 37%C, the phosphine containing resorcinol and bisphenol

A PN materials showed a cumulative weight loss of 3.9 and 4.2% respectively. The corresponding
polymers witlout the aromatic ether phosphine oxide group showed slightly higher weight losses.
The nonrphosphorous containing resorciffohnd bispheol-A* PN showed cumulative weight
losses of 4.0 and 7.2% for the same aging conditions. When the phosgliaeontaining
resorcinol and bisphenol A PN polymersresdeatedo 400 °C for an additional 8 hours, weight
losses of 4 and 6.6% were measured. The pbasphine containing resorcinol and bisphenol A
materials showed-2 times higher weight loss under these conditions. Under SEM microcracks

were visible on the surface aftagiag the polymers.

Many other groups have also investigated the properties of various phthalonitrile polymers.
Zhao et af® investigated the thermal properties and water uptake of a najiiathgt
phthalonitrile resin. The 1;6is(3,4dicyanophenoxy) naphthalene monomer was prepared, and
4 , -diagminodphenyl ether (ODA) was used as a curing agent. The polymer was cured through
addition polymerization at 270 °C for 5 hours and 300 °C for 5 hBostcuring conditions were
varied. The monomer was observed to havairdy low melting point (156.7C), which along
with the high curing temperature gave a large processing window. From TGA and DMA studies,
the decomposition temperature was recorded at 488Three decomposition peaks were
observed. These were related to the degradation of first etherdsjkagn phenyl structures, and
finally phthalocyanine andriazine rings. Increasing the peasiring time and temperature

improved the thermal stability.

Badshah et &f® synthesized three different ortfioked phthalonitrile polymers and
investigated their thermal propertidswas reported that processability may be improvedevhil
maintaining high thermal stability by the incorporation of unsymmetrical units, including meta or
ortho-etherlinked aromatic groups. Three monomers were prepared from-#s23,4
dicyanophenoxy)biphenyl, 1-]3is(3,4dicyanophenoxy)benzene and 2,2 -bis(3,4
dicyanophenoxyl,3,40xadiazole The monomers had a low melt viscosity and melted at 156,
188.7 and 265.7C for biphenyl, benzene, and oxadiazole based phthalonitriles respeckively.
benzendbased monomer showed the fastest curing behavior at@70he slower cure of the
biphenytPN as compared to the benzdtd was attributed to its bulker size. The oxadiazole
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based material did not cure at Zfand required temperatures above 3°0This was attributed

to the large size andgid nature otthe oxadiazole structure. The high cure temperature and stable
melt viscosity of the oxadiazeleN material provided a large processing window. FTIR confirmed
the formation of triazine and phthalocyanine rings. However, it was reported that even after post
curing steric hindrance prevented the full conversion of all cyano groups to triazine rings. The
biphenytPN exhibited at glass transition around 38) whereas the benzene, and oxadiazole
materials had showed transitions higher than ¥D0The polymergxhibited 5% weight loss at

444, 489.6 and 511.8C in N; and 436.5, 488 and 50 in air for biphenyl, benzene, and
oxadiazole based phthalonitriles respectively. The higher stability of the oxaeidtoleas
explained by the polarityigidity, and size of the oxadiazole rings. The decreased thermal stability

of the biphenylPN may be due to the lower stability of thedQinkage between phenyl groups.

Several groups have incorporated additional cyano groups via functional groupaadbhredra
polymers” 2! Tong, Jia, and Liu tadied different molecular weight polymers made from
poly(arylene ethrnitrile (PEN) endcapped with phthalonitrilé The PENPN polymer was
intended to combine the thermoplastic properties of the PEN resin and high temperature resistance
of a traditional thermosettinghthalonitrilebased resin. It was reported that the thermal stability
was improved with increasing curing temperature. FTIR showed the formation of phthalocyanine
rings by reactions at phthalonitrile end units and nitrile functional groups. The polyateis h
glass transition Jgreater than 209C. TGA results show 5% weight loss at higher than“ &1
N2. Polymers with a numbeverage molecular weight of 800 g/mol exhibited the highest
dielectric constant and lowest dielectric loss. The dielectnmstant ranged from 3416 and the
dielectric loss from loss 0.60.025 in the range of 100 Hz 200 kHz. The polymerkad tensile
strengths of 91 10MPa and elastic moduli of 2157 GPa at room temperature.

Phthalonitrile oligomers containing arontaséither, ketone, and cyano groups were synthesized
and characterized by Liu et&IPolymers with variable main chain length were synthesized from
4,46dihydroxybenzophenone, 2dBfluorobenzonitrile, and  endapped with 4
nitrophthalonitrile. The cyano group on Z#fluorobenzonitrile was included to increase cross
linking amount and rate. The incorporationfleiible linkageshas been reported to lower pre

polymer melting and glass transition temperatures. It was thus reported that the inclusion of ether
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linkages and adddnal cyano functional groups would result in better processability without a

decrease in thermal stability.

The uncured oligomers had good solubility in toluene, TEliproform, acetone, DMF,
DMSO, N,Ndimethyl acetamide (DMAc), and -Methyl2-pyrrolidinone (NMP,). Cured
polymers were insoluble in these solvents. DSC of the oligomers showed melting transition peaks
melted between 10942 °C. The curing additivep-BAPS was used due to its thermal stability.
Polymers were heated at 240 for 5hours, 260°C for 4 hours, 280C for 4 hours, 300C for 4
hours, 325°C for 4 hours, and 358C for 4 hours in air. No glass transitions were observed in
samples cured by this proceduBSC also shows that the initial polymerization temperatures
increag with increasing chain length and are in the range of2283°C. This results in a
processing window of 10324 °C. FTIR was used after heating to various stages of the cure
procedure. After curing at 24, it was observed that the cyano group absompgieak decreased
and peaks for phthalocyanine rings and triazine rings appeared. After curing°at, 366 cyano
peak decreased further and the triazine absorption increased. Little change was observed after
curing at 35¢°C. A small cyano peak was $tgresent. This indicated that some cyano groups
remained unreacted, probably due to steric hindrance. The curing ratemamgsulated by
controlling the curing additive concentration and curing temperature. The polymers showed 5%
weight loss at 50615°C in N2, and 496516 °C in air during TGA.

Several groups have investigateslf£atalyzedphthalonitrile material&® °7> 122124 Sheng et
al'?* prepared tribranched phthalonitrile monomers and characterized their processing and
thermal stability.  Monomers were prepared from 1, Acl-[4- (3,4
dicyanophenoxy)phenyllethane (TDPE). A salfing material, 4aminophenoxy) phthalonitrile
(APPH) was usttas the curing agent. The curing agent contained a phthalonitrile etidbaps
expected to increase the reaction sites. Howé&RPH contains a lower amine content than other
curing additives such as bis{4-aminophenoxy) pheny§ulfone p-BAPS). This may explain the
relatively higher curing additive content used (20 wt.Foyvas reportedhat the alkyl linkages
provide flexibility to the polymer. Increasing the nitrile content of the monomer improved
processing by lowering the cure temperatufbe TDPE monomer and APPH curing agent
exhibited melting points of 108C and 136°C respectively. DSC showed an exothermic-self
polymerization peak around 286 °C for pure APPH. The TAIPPH polymer showed an
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exothermic polymerization peak around 243 The formation of polytriazine and polyindoline
structures was observed via FTIR. As also reported by other aéthtissteric hindrance
prevented some CN groups from reactife polymer showed low water uptake in immersion
studies, reaching a steady state of around 2.9 wt.% after 480 hours immersion.

Zhou et aP’ comparecaminecontaining phthalonitrilesith a resorcinebased phthalonitrile
of thesame structure gsoduced by Keller anBomingueZ® The resorcinebased phthalonitrile
melted around 190 °C and cured in the presence of-@sininophenoxy)phenyl]sulfong+
BAPS) at 195210°C after 1530 minutes. A are profile of 200 °C for 2 hours, 250 °C fohéurs,
315°C for 5 hours, and 378 for 5 hours was used for TGA and DMA samples. The 5% weight
loss temperature was observed to be ®D& air and 495C with 72% weight remaining at 900
°C in N2. The cued resin exhibited a glass transition at 481Self-catalyzed amine containing
phthalonitriles were also investigated. These included two types, aromatic ether linked monomers
and aromatic ether imide linked monomelgelting points for the aromatic eth amine
phthalonitrile ranged from 130.B72.5°C depending on the position of the Ngtoup. All amine
containing phthalonitriles exhibited 5% weight loss temperatures above 520 %@ §10°C

in air. A Tgwas not observed below 56Q.

Brunovska, Lyona, and Ishitid investigated phthalonitrile capped polybenzoxazirés
volatiles are released by the ringening polymerization of polybenzoxazines. Howevtiee
phenyl group (Ph) on the Mannich bridg€i>-N(Ph)}CH:-) was identifiedas a thermal weak
point in the polymer. The phenyl group was replaced with a phthalonitrile group in the attempt to
stabilize the polymer and create further crosking. The polymers were cured to a relatively low
temperature of 250C. Two polymerizattn mechanisms occurred: the ring opening of the

polybenzoxazines and the addition reaction of the phthalonitrile groups.

Polymers cured with a traditional aromatic diamine catalyst showed 5% weight losses from
414544°Cin N2 and 396420°Cin air. The ptymers based on monomers with two phthalonitrile
groups were more thermally stable than those containing only one group. The high char yields
indicated that further polymerization of the nitrile groups occurred at high temperature. During
degradation, cadn dioxide, ammonia, and benzene compounds were released by decomposition
of the Mannich bridge. In addition, phenolic compounds were released at higher temperatures,

from 360450°C. It was also attempted to use metal chlorides as curing agents inmrddute
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the processing temperatures. The polymerization temperature was reduced by the addition of
FeCk, however a lower degree of nitrile groupactedand the thermal stability decreased. The
addition of 4,&diaminodiphenylether enhanced the conwersof nitrile groups but did not
significantly affect the thermal properti€s

Zeng et aP® investigated directly incorporating an aminehe polymer as opposed to adding
an amine curing agent. Nucleophilic displacement-nitebphthalonitrile and &minoresorcinol
hydrochloride was used to form a phthalonitrile polymer containing an amino grotps@ 3+
dicyanophenoxy)aniline. Th&tructure of the monomer was very similar to that investigayed
Keller andDomingueZz*® except for the addition of an amine group to the central aromatic ring.
DSC showed an endothermic melting peak around 214 °C. An exothermic peak was observed 257
°C and 274C. This did not correspond to any weight loss in TGA studies as was attribwted to
curing reaction. Additional thermal curing was implied but specifics were not given. The polymers

exhibited 5% weight loss around 480 in No.

Blends of bisphenol phthalonitrile oligomers and benzoxazine phthalonitrile monomers were
polymerized by Xu eal.®® The polymers showed two stages of curingtresponding to the
opening of benzoxazine rings and the formation rings of nitrile groups. The incorporation of
benzoxazine phthalonitrile monomers improved the processing of the polymer, with the optimal
processing temperature for copolymer about 2Q0 The flexural strength and modulus of
composites were also increased. The polymers were stable upi0 #838ir. The 5% weight loss
of composite laminates was reported to occur around4830°C in air. The benzoxazine
phthalonitrile showed seffromded curing and was able to catalyze the polymerization of

bisphenol phthalonitrile oligomers.

Branched novoldghthalonitrile polymers were investigated by Augustine, Mathew, and
Nair.1® Unlike most research, the phthalonitrile units were incorporated as functional groups on a
phenolic polymer chain. The presence of phenolic groups accelénatedring behavior. FTIR
showed that the mechanism of polymerization was related to the extent of phthalonitrile
substitution, with several possible structufesming. In polymers with high phenol contents,
isoindoline groups formed via a phemokdiate reaction. In phenol deficient polymers, triazine

and phthalocyanine group®rmed through crosdinking of phthalonitriles. Polymerization
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mechanisms for phthalocyanine and triazine were proposed. These mechanisms have been factored

into Figure9.

The phenolic groups increased the interfacial strength of carbon fiber composites and improved
their mechanical properties. Howey#rwas reported that the phenolic gpsuwere detrimental
to the thermal stability of the polymers. The polymers showed 5% weight loss%at @80 during
thermographic analysis. It is worth noting that the phenolic rings are connected by methylene
bridges in the novolac chain. The thermalbdity of the phenolic chain would be expected to

improve if the aromatic rings were connected by an ether linkage instead.

Recently a study was conducted by Koerner éf @he properties of twa@ommercially
availablephthalonitriles wereompared with a representative polyimide. The polymers were aged
at high temperatures in @r329°C. Some results from this oxidative agingdy are provided in
Table6. The two phthalonitrile resins considered exhibited substantially higher weight loss and an

earlier onset of cracking, compared with thierence polymer.

Table6: Oxidative aging study by Koerner et%l.

Polymer Approximate wt. loss after  Approximate wt. loss after
250 hours, % 500 hours, %
Phthalonitrile 1 62 -
Phthalonitrile 2 4 15
Reference Polyimide <1 2

2.2.4.2 Dielectric Properties

As mentioned in the subsectidfhthalonitriles (PNs) in the sectionClasses of High
Temperature Polymersvery little information was found on the dielgct properties of
phthalonitriles.Tong, Jia, and Liliinvestigated the dielectric constant and lospaf/(arylene
ethe) nitrile (PEN) phthalonitrile. Laskoski et af. measured the dielectric properties of
phthalonitrile resins containgnaliphatic and siloxane linkagd3ermittivity values are reported in
the range of 2:8.6 and dielectric loss around 0-0D25for these system®Okutanet all4
investigated the dielectric  properties  of 2,3-dicyanel,4-di[3,4,5tri(dodecyloxy)
phenylcarbonyloxy]benzenm E7 nematic liquid crystals, but did not mention the dielectric
properties of the neat polymer. The dielecamisotropy prametersleceased with the addition of

the phthalonitrile derivativéddamet al'*! usedphthalonitriles along with metallic compounds to
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form metallophthalocyanine complexes. These consisted of metal ions trapped within or between
phthalocyaninemacrocycles Since the monomers containetly one phthalonitrile group,
discrete phthalocyanine moleculémmed instead of a polymer network. The electrical and
dielectric properties of these phthalocyanine complexes were mead@axnductivities were

in the range of 3.3 *1%6i 1.4*10'"* S/cm at room temperature. The conductivity increased
exponentially with increasing temperat-10re. Th
decreasing with frequency from 40010° Hz. Temperature effects became more significant with
decreasing #quency. The real part of the dielectric constant increased drastically as temperature
increased from 300 to 500K for frequencies below aroudtizd. Di el ectri c | os s,
with temperature and decreased with increasing frequéhcyet al*? reported a breakdown
strength of 180 kV/mmfor a phthalonitrile resinof unspeified chemistry Liu® aged a
phthalonitrile resin at 300C and tested its dielectric breakdown. Breakdown strengths were
initially observed at values higher than 50 kV/mm, however aging longer than 100 hours resulted

in degradation and a decrease in breakdown voltage.

In summary, phthalonitrile monomers are usually comprised of short aromatic enains
caped with phthalonitrile grqus. These monomers polymerize in the presence of nucleophilic
compounds to form networked structures. Possible structures include phthalocyanine, triazine,
diimine, and isoindoline. Since the polymerization occurs via an addition mechanism, no volatiles
are evolved.Aromatic ether and other flexible linkages are often incorporated in the monomer
backbones in order to decrease the melting temperature, the melt viscosity, and the monomer
solubility. Curing usually occurs around 28Q andpostcuting occurs between 37415 °C.
Aromatic amines are commonly used as curing agents due to their thermal stability and solubility
in the polymer melt. The amine groups may also be directly added to the monomer structure,
yielding selfcuring polymers. In additm the curing temperature may be lowered by the
incorporation of amine groups or additional nitrdesslinking sites to the polymer structure.

Fully cured phthalonitrile polymers behave as brittle thermosets with incredible thermal stability.
They mainain their mechanical properties and suffer little weight loss up t0°G2%A glass
transition isoftennot observed below 40. The polymers also show low water absorption and

good solvent resistance.
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2.3 SilicorContaining Polymers

Applications of high teperature resins demand ever higher theoxidative stabilityand
improved processingWhile advances are being made in the organic polymers discussed
previously, shortcomings and limitations rem#ir¥>The incorporatiomf inorganicmoietiesinto
the monomestructuremay provide a viable route for improved stability during service at high
temperatures in oxidizing environments®®44 143144 gpecifically, he inclusion of silicon linkages
has been reported to improve oxidative stability and flammability of high temperature polymers.
44, 143144 A g oxygen and free radicals cleave cadsdicon bonds, siloxy units are formethese
siloxy units may further react to produce i@ this case, a silicach surface layer forms. This

layer can act as a barrier for further degradation and diffusion of oxygen into tH&4ulk.

2.3.1 Badkground onSiliconContaining Polymers

Incorporation of organosilicon linkages into organic high temperature polymerstisviadt
however. To understand the effects and relevant desagisiderations, silicenontaining
polymers are discussed in this sectibacus is initially placed osilanesandsiloxanes, before
hybrid organieinorganic polymers are discussed, including carbosilanes, carbosiloxanes, and
carboxysilanesPolyhedral oligomericsilsesquioxan€POSS) and silazane (8i) materials are
not focused on in this manuscript and are only mentioned briefly. Representative structures for
linkages in silicorcontaining polymers are providedTiable7.

Table7: Representativénkages for silicorcontaining polymers

Silanes Silazanes Siloxanes
Ri Ry [ I|?1 Fliﬂ T1

S|i—S:i l S|i N J %Si—o%
|L2 R 4N Ry I R n

Carbosilanes Carboxysilanes Carbosiloxanes

Ro

T1
R3—Si—Ry— Ra
],

—O—Si

T1
O—R;—
],

Ro

T1 T4
Rg—TiHO—Sl%Rg—
Rs“n R - m
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The groupRRi, Re, R4, Rs represent organic functional groups including hydro, methyl, phenyl,
vinyl etc. In the hybridpolymersRs denotes organic backbone linkages, usually methylene or
phenylene. These structures correspond to basic linear polymers, though variations lexiisiginc
star and branchestructuresA summary of degradation mechanisms for silicon and organosilicon
containing polymers is provided in secti®r3.1.4.5A Summary ofDegradation Mechanisms of

Silicon-Containing Polymers

2.3.1.1 Silanes

Inorganic silansare not commonly used for polymers. Instead these materiaisasteoften
pyrolyzedat high temperatures to form silicon carbide. Thus, while substantial literature exists on
ceramic formation at high temperatures, less literature is available on pagbyoparties of
polysilanes*>148 These materials exhibit lower thermal, oxidative and hydrolytic stability than

siloxanes and undergaidation to siloxanes even at room temperat(t&?

Miller and Michl*®! provide an indepth discussion osilane chemistry, polymerization,
molecular and electronic structure, emission and absorption characteaistioptical properties
West*® 1%2has also provided extensive reviews of polysilane history, synthesis, and chemistry
They report that polysilanes may have glass transitions occurring betW&dn to greater than
120°C.1*1Some polysilanes show no weight loss to temperatures up fC36dwever chemical
degradations may still occur below this temperature. Some aromatic polysilanes, such as
poly(methylphenylsilanejctas thermoplastics and are able to be melted without decomposition.
However many others, including sterically hindered bisaryl polysilanes and symmetrically

substituted poly(dialkylsilanes), decompose around°g08*

BushneltWatson et al*® investigated the pyrolysis characteristics by modifying conditions
during Wurtztype synthesisHigher molecular weight roughly corresponded with a higher
softeningtemperature. Softening temperatures were reported in the range of 135°@. ZPA
resuls shownegligible weight loss up to 300C. Rearrangement reactions may occur at lower
temperatures. Polysilanes decompose to form siloxanes and carbosilanes, aatl [Sgber
temperature. Functional groups affect their overall thermal stability anbilgg|based on bond
strengths, flexibility, and steric effects. The delocalization of sigma electrons could inesult
interesting dielectric properties ma ki ng t hem el ecorjugated systeatd P2y s i
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This phenomenon is also evident in other silipatymers including siloxanes, silazanes, and

carbosilanes.

Shuklaet al,'®*K u Si t k¥ anéBahloal ket af*® discussseveral stages of degradation for
the pyrolysis of silanes under inert atmosphane their conversion tpolycarbosilanesand
subsequdity silicon carbidesThese include S6i bond cleavage (1780°C), elimination of side
groups (356800 °C) and final carbidéormation ( >456800°C). In the first stage of degradation
Si-Si bonds underwent homolytic cleavage, resultingatymer backbone chain shortening and
formation of short oligomer units. During the second stage, chain rearrangementGifigda®id
Si-CeHs bond cleavage occurred, and methylene bridges farited resulted in polycarbosilane
formation. For some polymersadical species generated during bond cleavage can react with
methyl and aromatic groups. This resultginsslinked SiCxHy structuredf the polymers are
not crosdinked, much of the silicon volatilizes as temperature increases. It has also hwé&edrep
that the slowprocess of oxidativerosslinking to form SiO-Si and SiO-C bonds, also occurs at

room temperaturé?

Ma et al®! investigated the thermal and watl properties of a linear poly(methylphenyl)silane
and two branchedpolysilanes, poly(phengilanedimethylsilang and poly(phenysilane
methylphenylsilang Ozawa theoryvas appliedwhich assumes that the activation energy for a
reaction is constant. rfhenius plots of % weight loss lines on log(heating rate) tesriperature
were produced and the activation energy was calculated for the decomposition of different
polysilanes. It was found that the branched polysilanes possessed a higher activagip@amsher
greater thermal stability than the linear polysilaike TGA results showed little weight loss
below 256300°C, agreeing with the results reported by Miller and Mi¢hl

2.3.1.2 Slazanes

Silicon-nitrogen bonds make up the backbonail@izane polymersas shown imable7. For
thisreasontheir most common application is pyrolysis to fagificon nitride and other ceramics.
Much of the literature focuses on this pyrolysis at very high temperatures {€y@afd are thus
mostly outside the scope of this reseaFar example, Birot et af’ published an extensive review
of polycarbosilanes, polysilazanes, and polycarbosilazanes polymer precursors and their

conversion to ceramics.
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Silazaneshave been used as linkages and additives in high temperature podfymers.
Polysilazanes degrade by transamination, hydrosilylation, dehydrocoupling, vinyl polymerization,
and redistribution reactions. These reactions resghosslinking, ceramic phase formation, and
the releasef volatile products*® >°Siloxanes and Sigphases form in oxidizing environments.
Some SiNsand SiN compounds also form, both in oxidizing environments and to a greater degree
in No. The thermal stability of polysilazanes may be comparable to that of iicen-based
polymers. Reactions began to occur around2@0°C. TGA results show 10%eight loss occurs
at around 300C for short heating time'$® 1*5Little work has been done to look at the dielectric

properties of these polymers with respect to frequency or temperature.

2.3.1.3 Sloxanes

The most commonly utilized silicepolymers are polysiloxanes, also known as silicones.
Siliconroxygen bonds comprise the backbone of these mateBildganematerials possess very
low glass transition temperaturesmetimes belowr0°C. Compared tonany common polymers,
these materials displdyghthermal and oxidative stabilityrhey exhibit lower stabilitgompared
with polyimides and phthalonitrildsut produce inert oxide films and a high amount of char residue
when pyrolyzed. Dimethylsiloxanese able to be used for extended times at’20@nd for short
periods at up to 308C. Polysiloxanes containing phenyl groups possess higher thermaltgtabili
and may be usefibr longerperiodsat 258300 °C.1°® Thesematerials are also environmentally
inert and biocompatible and have good gas permeabilitgiloxane polymers also have low
surface energy values which hinders surface flashid¥es well adow dielectric constant and
good breakdown strengths. Their low permittivag, well as their low water absorption, is due to
having low polarizability*>® The backbone of Polysiloxanes has high static and dynamic
flexibility. This results in a low elast modulus and a high solubilitfhe polymers are soluble in
many common organic solvents suclth®roform THF, DMF and NMP->° Most polysiloxanes
are easy to process due to their soluhilibyv softening pointsand easiness of cure. They also
possess verflexible chemistry making it easy to tailor their structtfr&iloxanematerials are
used for many applications including automotive applications, food storage products, footwear,
electronics, bak&vare, biomedical applications, power cable jointiagcapsulatiomcompounds
for power electronics, cable accessories, and interlayers dielectrics for high performance integrated

circuits 160
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Yilgor and Yilgor* provide a comprehensive review article on synthesis and properties of
siloxane polymers and copolymefBhey discussed the effect of composition on strecand
properties, including inert and reactive functional growasother review was conducted by
Goudie et al*® who discussed polydimethylisiloxane rubber aging under applied high voltage.
Environmental and contamination effects were considered. Aging factors included thermal aging,
electrical stress and breakdowrorona effects, moisture adsorption, and UV and chemical
attack!®®

Althoughsilicon and carbon are both group 4A elements, comparing-theafd SiO bonds
it is evident that there are significant differences in bond lengths, atom electronegativities, and
bond character. The carbon atoms radius is remiler (0.77 A) than the radius of a silicon atom
(1.17 A). From the Pauling electronegativity scale, carbon has an electronegativity of 2.5, in
contrast to sil i c dwéng thd additivity rulé to predjcitieerSBbend 3 . 5 .
length by the sum of atomic radii gives a bond Ibrmjt1.83 A. However experimental results
show the bond length to be much shorter, around 1.622 A. This may be explained by: 1) the
substantial difference in electronegativity between Si and O, and 2) the partial double bond
characteristics due to Silicah - Oxygen p orbital interaction.This yields a bond with higher

dissociation energy and partial ionic natuaeo(ind 40%)34 156

Si d-O p interaction leads to a large, almost linear, bond angle {0 Sii linkages. This bond
angle also depends on the functional groupsched. For exampléexahydrdisiloxane has a
bond angle of 152.7°, and hexammgdisiloxane has a bond angle of 165.4°. This is in contrast to
the sp3 hybridized carbon analog, dimethyl ether which has a bond angle of Théw8ide bond
angleof siloxanesalong with the slightly longer bond lengths yield much longer linkages tha
those present in hydrocarbon and fluorocarbon polymedgreater flexibility from a reduced
rotational energy barrier. Polysiloxare® able to adopt more configurations due to lower steric
restrictions* 156 This backbone flexitity results in low elastic modulus, as well as low glass

transition temperatures.

Generally si | i con f or ms onl y -londmg ma&y odocw ratd ligher h owe
temperatures. This may be stabilized at lower temperature by bulky substituent gradgsgiadn,
unlike carbon, silicon may form compounds with a coordination number greater tha®mheur.

example of a high coordination silicon compound iss5iPue to their partial ionic character, it
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is relatively easy to tailor the siloxane polymer gasitions by equilibration or redistribution
reactions. Telechelic and functionally terminated polymensich areable to undergo further
reactions can be produced with controlled molecular weights and reactive end groups. A wide
variety of functional grups may be attached to thikcsin backbone atom. Brt substituents may
include fuoro groups or methyl, phenyl and other hydrocarbon groups. Reactive groups may
include hydrogen, vinyl, amino, or epoxy grodpghe properties of the polymer are heavily
affected by the functional groupBifferent substituents yield siloxane polymers with different
glass transition temperatures, solubility parameters, thermal stabilities, surface free energies, and
dielectricpermittivities For example, in addition to being affected by the backbone flexibility and

the molecular weight, the glass transition temperature is also affected by the steric and attractive

effects ofpendangroups>®

One of the most common skaneds polydimethylsiloxan¢PDMS). The methyl groups affect
the polymer propertgin multiple ways. Chaimteraction is affected by London dispersion forces
associated with thg@endantmethyl groups® PDMS with a high molecular weight shows
crystallinity with °€ Foredetatitemgerapues below trasritonaynbé 1 5 C
necessary to introduce a diphenylsiloxane comonomer, ifi amaunts. Thearomaticgroups
disrupt the crystallinity and improve flexibility at these temperatures. Phenyl groups also shift the
glass transition temperature higher and improve thermal stability at high temperatured.i$hus
possible to tailor thd¢ and thermal degradation of PDMS by adding diphenylsiloxane to the
backbone. Copolymers of this type are alften fabricated to improve the mechanical properties
of PDMS. Polydiphenylsiloxane (PDPS) by itself has high thermal stability and may bé&oused
high temperature applications. Phenyl groups may increase the solubility parameters however.
Diphenylsiloxanes have a Hildebrand solubility parameter of around 19.48){#eas compared
to dimethyl and methylphenylsiloxanes which possess solupgitgmeters of around 15.5 and
18.4 respectively*

2.3.1.3.1 Thermal Stability

In general, higher bond energy corresponds to higher thermal stability. 7Meb&nd is
significantly stronger (40860 kJ/mol) compared with-O (350-360 kJ/mol) bonds, €€ bonds
(300-360 kJ/mol), SiSi bonds(220-330 KJ/mol), SiN bonds (30-460 KJ/mol), or SIC bonds
(320400 KJ/mol)'®¥163 As noted in sectior?.1.3 Design of High Temperature Polymeise

64



apparent decompositi@nergies ar@ighly affected by the chemical structure of the noale as
well as temperature and environmental factGremical stucture and kineticalsoplaya role in
definingthe actual degradation mechanisrhus it is difficult to observe thermal stability from
bond energies aloré.&°

Many authors have investigated the thermal stability @ixaiesand attempted to further
improve their thermal properties. Successful methods include: using monomers with different
substituents, incorporating phenyl functional groups, the incorporation of phenylene groups into
the siloxane backbonend adding inorganic particles anghases. Many of these focus on
inhibiting the unzipping depolymerization by reaction with terminaD8i groups.”"® 8 The
effectof various substituentgnd groups, and backbone units on the thermal stability of PDMS

and related polymers is reviewed in this section.

Renwick and Reéf* published a 1953 paper on the development ofiailesand filled
siloxaneinsulationmaterialsincluding elastomers and silicone varnishes (solutions of silicone
resins in suitable solventshhey report that silicone elastomers undergo degradation after 1000
hours at 250°C. Thin films of varnishes also degrade with severe angckom oxidation

reactions.

Yao® evaluated theshortterm and bngterm thermal stability of siixanes as well as other
materials including polyimide and benzocyclobutene polyniEne sibxanesconsideredwvere
primarily polydimethylsiloxane with a small amount of vinyl groups servingasslinking sites.
Siloxanedegradation occurred after 240 hours of aging at°Z5@n the form of cracking and
oxidativecrosslinking. It was noted that higher thermal stability naturally corresponded to higher

stability of dielectric strength with temperature.

In the review by Godie et af*®it is reported that the partial polar or iofiond nature of the
siloxane bond helps stabilize the methyl groupBIMS. The result is that a methyl group in the
siloxane polymer is more stable than a corresponding methyl group in a hydrocarbon polymer.
Methyl splits off under the influence of oxygeasulting in oxidativerosslinking and hardening.
However, depolymerization from the cleavage of the siloxane bond results in the material
softening. Oxidativecrosslinking dominates in air environments at long exposure times above
200°C. In inert amosphergthe depolymerization effect will dominate due to the lack of oxygen.

In composite and electronic applications some parts of the polymer may be exposed to oxygen.
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However there may also be areas that are shielded by other materials or thathareufk of a
sufficiently thick specimen. These areas of the polymer would see limited oxygen and
depolymerization is expected to be the dominate decomposition mechanism. There may also be
residualcatalysts or other impuritigbatact to accelerate ocdative degradation.

Camino et al®® also revieved and investigaie the degradation of polydimethylsiloxane.
Kinetic formal treatments and computer simulations are included. It was reported that degradation
of PDMS in inert atmosphere or vacuum occurs between6BI0C for short heating times. The
depolymerization occued through chain folding and scission of @ibonds.Siloxane bond
rearrangement occurred, creating cyclic dimethylsiloxane oligomers, and resulting in chain
shortening. This reaction is referred to by other autharsraipping reaction®® This folded
conformation is favored at higher temperature by the overlapping of empty sHartitals with

oxygen and carbon orbitals.

The formation of cyclic oligomers duringedolymerization in Wsuggested that the stronger
Sii O bond fails before the weakeri 8§ bond. Thus Camino et al®® concludes that the
depolymerization of PDMS should be controlled by molecular and kinetic effects. This evidenced
by the observation that degradation took place at lower temperature for lower heatingtrates.
higher temperatures a small black residue is formed (silicon oxycarbide) in nitrogen atmosphere.

PDMS degrades at much lower temperatures in air or an oxidizing environment. TGA and DSC
results for short heating times showed that the peak degradation aateacurred aroun839
°C, with a second degradation step around“€15This is in contrast to degradation in, Mhich
occurredat 514 °C. The initial degradation occurred around 2€) as compared to 40C in
nitrogen. Oxidation was shown to increabe degradation reaction, producing volatile cyclic
oligomers, CQ, water, and silica residue. The degradation was reported to occur via a peroxidation
mechanism. Here radical species react to form hydroperoxides, which then decompose to release
hydrogenA very finesilicapowder was observed floating in the air above 4DAThis indicated
that oxidation also occurs on volatile species. Above ®D@egradation processes had mostly

ceased and a residue of silica remaifféd

Oxidativecrosslinking also occurredby addition of radicals to unreactetethylgroups.This
is reported to occur via one of two routegher 1) methyl groups are oxidized to carboxylic acids,

CQO is eliminated to form hydllo-silanes hydrido-silanes are then oxidized and a condensation
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reaction occurs to form siloxane brid§8r 2) methyl groups are oxidized hydroperoxide
groups, formaldehyde is eliminated to produce silanol groups, which then condense to from
siloxane bridges with the elimination of,®.1%° This crosslinking acts to increase thermal
stability. In addition, it was proposed that oxigatformationof silica on the polymer surface may

also educe weight los<Crosslinked structures breakdown at temperatures greater thatC400

This occurs by molecular splitting of cyclic oligomers.

In a second publication Camino ef& further studied the degradation of PDMS datdcked
with (CHz)sSi groups. FTIR andjas chromatography were used to determine the degradation
products at various heating rates. At slower heating rates and lower temperatures, cyclic oligomers
areformed by SiO bond scission and chain unzippidd.higher heating rates and temperatures
scission of StCHz occurred in addition to chain unzipping. This resulted in the release of methane

followed by the formation of SH bonds.

Several groups have investigated the inclusion of phenyl groups into siloxanes. It is reported
that the thermal stabiii increases with the inclusion of bulky aromatic functional groups. This is
likely a steric effect, preventing the chdoiding mechanism required for unzipping and
rearrangement€.While some authorattribute the increase in stability to the electron withdrawing
nature of theoghenyl group, others report that when attached to silicon, phenyl groups are electron
donating. This is due toackdonation of electront theempty d orbitals on the silicon acting as

acceptors in interactions with tpedelocalized system of the aromatic grééip

Sun etal® investigated the effect of dag agents on the thermal dedation of poly
methylphenylsiloxane (PMPS). Triethanolamine and polysilaxeere used as curing agents.
Thermal stability was investigated using isothermal heat soaks, TGA, differential
thermogravimetry, and FTIR. It was reported that curing agents were required for curing at lower
temperatures. TGA results show the PMPS curdh euring agents resulted in higher skherm
stability due to increasectosslinking. Also, compared with thermally cured PMPS, the use of
polysilazane as a curing agent resulted in much lower mass loss at temperatures lowertban 500
during isothermigheat soaks for 3 hourlt.was reported that the polysilazane reacted with silanol
(Si-O-H) groups and prevented unzip degradation of the polyAtamonia was generated and
released from the reaction. It was ad¢atedthat the incorporation of phenyt@ips increases the

thermal and thermadxidative stability of siloxanedt is of note that hydroxyl groups are also
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reported to catalyze the-Bhenyl bond cleavage imettylphenylsiloxanes, resulting in lower

effective decomposition energies than whatyrbe predicte®

Sun et al®” also investigad the thermal degradation of polymethylphenylsiloxane containing
methacryloyl groups (PMRBI) by TGA. The TGA results showed little weight loss below around
350°C. Two degradation stages were observeduning at around 400C and 500°C. These
were corelated to unzipping degradation and rearrangement degradation respectively. Kinetic
parameters of the two degradation stages were obtained by various methods. Activation energies,
reaction orders, and the Arrhenius+esgonential factor were found anelated to degradation
mechanisms. It was concluded that the first degradation stage of-RMBEowed a three
dimensional diffusion mechanism, described by the GinstBrgeinshtein equation. The second
degradation stage followed a nucleation and gromtthanism, described by the Avramie
Erofeev equation. A theoretical background on various degradation models and ways of

calculating kinetic parametevgasprovided

Zhou et af®® compared the thermal degradation of branched and linear polysiloxanes. The
effect of phenyl content on the thermal stability of branched polysiloxanes was also considered
TGA results in air showed that branched polysiloxanes were more thermally stablendgar
siloxanes. It was proposed that the branched structure proarogsdinking. Increasing phenyl
content improved the mass retention at temperatures arour@0R0C, however decreased the
mass retention at higher temperatures. This is consistdnphenyl preventing SD cleavage at
lower temperatures and-Si cleavage occurring at higher temperatures as reported by Yang et
al.”” It was reported thahere was little change in initial thermal degradation behavior with phenyl

contents exceeding 50%.

Hua et af'>® explored the properties of polysiloxane with long side chains including carbazole
groups and pentafluorophenyl groups. The solubility in common organic solvents, thermal
stability, and photonic properties were investigated. Negligible weight loss was observed below
282°C via thermographic analysis. The polymers also showed good solubility in common organic,
such aghloroform THF, DMF and NMP

Deshpande and ReZ&t researched the degradation of vitgtminated PDMS and
poly(diphenytdimethyl)siloxane. The polymers were pyrolyzed under isothermal conditions at

temperatures from 325 to 400°C for 5 lours TGA results show 10% weight loss ranged from
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425°Cto 465°C. Glass transitions ranged betwe#h°C and-118°C. It was reported th&DMS

is stable to 300C under vacuum and the incorporationaodmaticgroups increases the short

term temperature stability to around 41 The thermal stability wasignificantly improvedoy

the addition of3i 5 mol% of diphenyl substituentsHowever, increasing thgipheryl content to
roughly 25 mol% actually increased the mass loss. It was noted that this result conflicts with work

by othe groups'®®

The preexponential factors decreased with increasing phenyl content. This was attributed to
the reduced mobility of backbone. Deshpande and Rezac reference work by Chou and Yang, who
relate the glass transition temperatiwo the polymer composition of random copolyméys.
empirical formula Tq = 1.95%123 was reportedvhere x represents the diphenyl mol¥he
calculated activation energies decreased with the incorporation of phenyl groups. This was
attributed to additigs in the prgpolymer. It was reported that at low temperatures benzene forms
as a degradation product, indicating the cleavage-&f I8onds. At higher temperatures volatile

cyclic compounds form®°

It is of note that the formula ferenced byDeshpande and ReZ&t predicts the § of
polydiphenylsiloxane (100% substitution) as 72 °C. However, Drake*étraport that PDPS has
a Tg around 265 °CPDPSexhibiteda T10% at 511 °C. Despite the high thermal stabilityhas
proved difficult to synthesize high molecular weight polymers of PDPS and the melting point of

540 °C makes processing difficdlf

Jovanovic et a® considered the effect of hydrigaubstituents and vinyl ergroups on the
thermal stability of polymethylsiloxanes. They concluded thesegroups decrease the thermal
stability by increasing the reactivity of the polymer and chandiegdegradation mechanism. It
was reported that oxygen and free radicals affected that organic substituents instead of attacking
the chain directly, yielding oxidation and cleavage of functional groups.

Thedegradation of vulcanized RTV silicone rubbermwblyhedral oligomeric silsesquioxanes
as a functional group was studied by Liu et’AlPOSS cages were attached to the vinyl
functionalized PDMS backbone vidgdrosilylation with the addition of Platinum¢{@)3-divinyl-
1,1,3,3tetramethyldisiloxane (Pt(dvs)J heir results show that the addition of POSS significantly
improved the thermal stability of the siloxane rubber. TGA results show that dji€vne

experienced a 5 w¥oloss around 337C in air. Incontrast, siloxanpolymer with5 wt. % POSS
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showed a 5 wt% loss around 393C. The effect was even greater in nitrogen. Monofunctional

phenyl POSS by itself was also investigated, which showed a 5% wt. loss aroui@ 503

The effect of POSS on the theal stability may be explained by a number of mechanisms,
including the high thermal stability of POSS itself. The rigidity and large steric effects of the POSS
molecule hindered the chain folding and prevented the formation of cyclic oligomers. Inrgdditio
POSS reacted with radical species forming a networked structure. This grattextsiinked
structure hindered further free radical degradation. Lastly, a protective ceramic char formed on the

surface of the sixanewhich hindered diffusion and hemansfert’:

In summary siloxanematerials are widely used in many applications. TR®-Si bonds are
longer and stronger, with wider bond angles, than many other polymer bonds. This ease of bond
rotation yields féxible polymersin general, oxidative decomposition of siloxanes begins to occur
in the range of 200800 °C%° Polydimethylsiloxane degrades above 2@0by oxidative cross
linking or chain folding and unzipping or rearrangement mechanisms. The thermal stability may
be improved by the addition of phergdoups. Aromatic groups sterically hinder chain folding,
preventing SIO scission and unzipping or rearrangemémgtead the SC bond cleavage occurs
at temperatures above 300. Depending on the surrounding structure, the stability of polymers
generaly increases with the following trend in functional groups: vinyl < propyl < ethyl < methyl
< hydrido < phenyt®® Siloxanepolymers have a dielectric constant as low as 2.5, and high

breakdown strengthig2 17317489175

2.3.1.4 Hybrid Polymers with Orgaied Silicon Backbone Linkages; Carbosilanes,
Carbosilazanes, Carboxysilanes, and Carbosiloxanes

The addition of silicorcontaining linkages is often used to improve the flexibility and oxidative
stability of organicpolymers Silicon is also reported taffecta number of other attributes of
polymer systemsA variety of aganicinorganic hybrid systems have been produced by
incorporating silicorcontainingmoietiesalong with organic substituents in the backbone or as

pendanhgroups.

The StC bond (322 kJ/mol) is reported to be slightly weaker than teb©nd (346 kJ/mol).
27215 However it is also reported that the lower electronegativity of the silicon adds a slightly ionic
character to the ST bond, increasing its effective thermal stabilif§The nature of the carbon
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substituent also has a significant effect. As discussed in s€c8dn3 Siloxanes, when attached

to silicon, the phenyl group has been shown to be slightly electron donating. This is due to
inteacti on of the silicon d o fbhishas hdetrimental bffet he pl
on stability. Thus for example, the dis&ion energies of tetraphenylsilane (354 + 10 kJ¥ol

is significantly lower than that of its carbon analogue, tetraphenylmethane (404 + 5%3 ol

This cleavage of Sdhenyl bonds is reported to occur via a free radical mechanism to produce
triphenylslyl products and phenyl radicafs.1%® 1®0nce cleavage of an-ghenyl bond occurs,

then oxidative crosslinking, disproportionation reactions, chain branching mechanisms, and other
rearrangements of the structure are posgibife168169. 178180 Oxidation of the silicon results in the
formation of siloxy units which condense to form siloxane bridgessystems with higher silicon
content, this mechanism is reported to result in the formation of a silica rich region, which serves

as a barrier for further oxidatidf®

While the inclusion of silica fillers caalsoprovidesimilar resistance to oxygen diffusiotine
in-situ formation of a barrier layéom oxidation oforganosilicon groupgrovides the benefit that
it can be regenerated if removed by degrad&fiéwlditionally, if the use of fillers can be avoided,
lower resin viscosity and thus easier processing is maintéifedcessing is alsaftenimproved
by the addition of thermally stable, yet flexible silicon linkages. Aspects that yield high thermal
stability rarely contribute to easy processing of the material. Highly thermally stable units, such as
aromatic and heterocyclic segments, imprthes stability of the polymer but also make tlesin
difficult to process and the resulting material britd@hese structures increase the melting point
and the melt viscosity, and make the material insoltibl&* *3However, the wide bond angle
and strong character D-Si- bonds results in flexible and thermally stable backbones. Thus, the
inclusion of flexible silicon linkages caprovide enhanced processing characteristics without

sacrificing the stability of the material.

There are several types of linkages #ratcommonlyncorporated into the backbone of organic
high-temperature materials. Examples include carbosil&&EC-), carbosiloxane-C-Si-O-Si-
C-), and carboxysilane-C-O-Si-O-C-). Of these, carbosiloxane is the most commonly used
forming organicsiloxane polymers. 8D-Si bonds are longer with wide bond angles, than many
other polymer bond¥" **This ease of bond rotation yields very flexible polym@arboxysilae
also provides wide bond angles and high thermal stability. However,-tBeC3ond is reported
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to be more hydrolytically sensitive than other silicon bd#d3 It is reported that the
carboxysilanelinkage may be hydrolytically stabilized by increasing the stbritk of the
functional groups on the silicon ato¥®2 8Carbosilanes are commonly pyrolyzed to form silicon

cartide, howeverdssinformation is available on their degradation at lower temperattires®
154

It is of note that irmany polymers reported in literature, the silicon linkage is attached to the
aromatic backbone via a methylene bridge. However, for optimum thermal stability methylene
groups in the backbone should be avoitfe@onnecting the silicon linkage directly to phenyl
groups results in greater resistance to thermal degradatibime incorpoation of aromatic
functional groups on the silicon also improves thermal stability. For example,
polydimethylsiloxane degrades above 2@ by oxidative cros$inking, or chain folding and
unzipping or rearrangement mechanisth&*Aromatic goups limit chairchain interaction and
sterically hinder chain foldingareventing SiO scission and unzipping or rearrangement. Instead

the SiC bond cleavage occurs at temperatures above@He0 153

Silicon linkages have also been incorporated in other-tegiperature materials. Specifically,
the addition of silicon linkages has been shown to improve the oxidative stabipglymers
similar to phthalonitriles, including cyanate esf&%" 181In addition to the literature on cyanate
esters, a substantial amount of information is available on the incorpasatidicon linkages into
polyimide material$*** Siloxaneimide polymers combine the excellent thermal and thermo
oxidative stability, solvent resistanceand mechanical and ettrical properties of high
performance polyimides together with the high flexibility, good solubility, high gas permeability,
reduced water absorption and interestisigrface properties of skkanes Compared with
conventional aromatic polyimides, the siloxamede copolymers showed improved solubility,
stronger adhesion to copper foils, lower moisture absorption, lower elastic modulus, and low
dielectric constant, while maintaining high thermabsity. For example, solubility is improved
in solvents such as chloroform, DCM, DMF, DMSO, NMP, and DM%c.

While the inclusion of organosilicon moieties into organic polggmean improve their
stabilities and many other properties, there are often also some detrimental effects. As mentioned
above, the elastic modulus is often decreased. For electronic encapsulation this is often a benefit,

however foraerospace compositesighis detrimental.The mechanical strength also often
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decreasedilowever, the biggest impact is often on glass transition. Due to the increased length of
the SiC and SiO bonds, as compared withh@ bonds, additional flexibility is added to the
polymer aw the glass transition is suppressed. The effect of this must be considered when
designing hybrid organosilicon polymers

2.3.1.4.1 Carlosilanelmidesand Other Carbosilane Polymers
A number of polymers have been produced with carbosila@eSikC-) linkages These
polymers are most commonly produced with aromatic or heterocyclic backbone linkages and

methyl or phenyl functional groums the silicon.

Tagle and Terrazeet al'’® produced polyimide polymers witimethyl or diphenyl silane
linkages connected directly to aratit or imide groups in the backboiée T4 of these materials
was in the range df07-130°C. The10% wt loss in nitrogerwas observedt 420440°C. These
values are surprisingly low for polyimide materiaarbodane-phthalonitrile compourglwere
also produced which were converted tpoly(etherimide)s Dimethyl or diphenyl substituted
silicon linkages were included in both the imide and aryl ether secsioibstitution on the silicon
were evaluatedCompared with the previously produced polyimid®she poly(etheimide)s
exhibitedbetter thermal properties. This is likely due to a lower degree of polymerization and thus
lower molecular weight of the polyimide§lass transitionof the poly(etheimide)s were
observed in the range 64 to 184°C. In nitrogen, thd.0% wt lossoccurred a#t70- 530°C. The
polymer with full diphenyl substitution exhibited the highest glass transition as expected. However

interestingly the polymer with dimethyl substitutierhibited the highestity value.

Tang et al¥?produced a bismaleimide polymer wittmethytdiphenylene silane linkageFor
a bismalemide material it exhibitedgoodthermal and oxidative stabilithigher than an ganic
BMI reference resinTsy, was observed in the range of 4616 °C and 416145 °C in N and air
respectivelyChar yield improved from approximatelydfor organic BMI resins to-32% for

silicon-containing resinsThis was attributed to Si@ormation

Guenthner et &P produced ganate esters containing dimethyldiphenylsilane and
tetraphenylsilane moietieA.significant reduction of 50% in moisture uptake was observed in the
silicon-containing material ($1Cy) as compared with a bisphenolbased dicyanate ester
(BADCYy). This was attributed to differences in packing interactions in the two resins. Molecular

packing in the BADCy system was governed by hydregamding attractions between the cyanate
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nitrogen atoms and aromatic rings. In contrast, packing in the SiMCy system was dictated by
dipole-dipole interactions of the cyanate ester grotjpe inclusion of silicon also improved the
char yield and thermoxidative stability, while lowering the curing t@eratures and melting
points. The lower curing temperature was attributed primarily to the increased phenolic impurity
content of the silicortontaining resins, though the increased flexibility of the organosilicon
linkage may have also played a roléwe glass transition temperature was substantially affected.
The SIMCy polymer exhibited agf 260°C as compared with the 32C T4 of BADCy. This

was likely due to the increased free volume and increased flexibility of {GdiSkages>?32

Cyanate ester resins based on methyl[trecg@natophenyl)]silane and tetrakis(4
cyanatophenyl) silaneere also investigated by Guenthner e¥dlhetetrakis(4cyanatophenyl)
silane-cyanate ester resin walso investigated by Zhang et 8 Compared with polymers from
bis-cyanate esters, the higher crosslink density dfrilaadtetrakiscyanate esters resulted in high
glass transitiortemperatures above 320 °{icomplete conversion of tfunctional and tetra
functional cyanate esters was observed, with some cyanate groups remaingagted. This
implied the flexible silicon linkages did not overcome the stéiidranceof the sysem.
Interestingly, the tri and tetraktyanate esters showed substantially higher moisture uptake
compared with organic BADCy or the silicaontaining biscyanate esters SiMCy. This was
likely due to the greater free volume as a result of incompletetdyeerization. Substantially
greater curing was achieved by-caring with a biscyanate ester monomer, Iis(4

cyanatophenyl)etharé.

2.3.1.4.2 SihryleneSloxanes

The mechanical properties and thermal and oxidative stability of siloxanes may be improved
by connecting siloxane segments witbid organic segments to form a segmented or block
copolymert®* To this end, sveral authors have included phenylene linkages into siloxane
polymers’”"® The inclusion of silphenylene and other aromatic linkagedtsdsthigher degrees
of crystallinity, melt viscosityand thermal stability compared with siloxane polymers. ridid
and bulky aromatic groups prevent chain folding and thus hinder rearrangememtzguing

mechanismg®
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However, he phenylene moiety, like phenyl functional gre@md methylene and ethylene
linkages is electron donating when attached to the silicon. This resaltsiiicrease in the electron
availability on the oxygen atom in the siloxane backbone, which aids in degradation where oxygen
acts as a nucleophil@ The effectivestability of silarylenesiloxane linkages is contingent on the
length of the siloxane segment, functional substitution on the silicon atoms, the identity of the
aromatic groups, and additional surrounding chemical structures.eAenpth of the siloxane
segments increase the stability tends to decrease. However, the siloxane segments may be
relatively long before unzipping and rearrangement mechanisms become pretiosAsnthe
number of arylene groups is increased, theffagkical scission of the silphenylene bond becomes

dominating. This is especially true at temperatures above 450 °C.

Beatti€® produced and analyzed several metbiyenyl substituted phenyleséoxane
polymers The p-phenylene groups caused chbianching to occur. This was dted to an
increase in chain rigidity and the electronic effects of the silphenylene linkages. Phenyl substituted
phenylenesiloxane polymers were also attempted but could not be produced in high molecular

weights.

A series of sibxaneresins containingilphenylene units were synthesizgdYang et al’’ The
phenylenggroupswere reported to inhibit the diffusion and solution of oxygen and hence improve
the thermeoxidative stability. TGA results showed that the introduction of these aromaities
increased the degradation onset temperature, as well as the temper&#raror10% mass loss.

The onset of degradation ranged between385°C, with a 5% mass loss between 458 and 486
°C. In contrast a siloxane polymer without silphenylene units experienced a degradation onset
around 350°C and 5% mass loss at 416. Howe\er, the temperature at which the maximum

mass loss rate occurred was lower for silphenyilogane polymers than standd&®®MS.

Initial degradation of siixaneresinswithout silphenylenegroupsoccurred by dehydration and
unzipping reactions of termihd&ydroxyl groups. The introduction of silphenylene units was
theorized to increase the chain rigidity and inhibit the folding back of the polymer chain,
preventing unzipping degradation. This was supported by an increase in glass transition
temperature wih increasing phemene units However the resin with the highest silphenylene
contentdid not have the highest thermal stabilithe temperature of the maximum degradation

rate decreased with phganecontent.This was explained as incomplete curin@ doi a decrease
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in chain mobility. This would have resulted in more residual hydroxyl groups, which have been
shown to result in cleavage of-Giand SiC bondslIn addition greater phenylene content meant
moreSi-C bonds in thé@ackboneAs noted previosly SO bonds are more stable tharCSbonds

or nonaromaticC-C bonds.In aromaticrings the CC bonds act as a bond and a half due to the
hybridization of aromatic structure, resulting in bond strengths of aroun&2BkKJ/mol. Thus

the SiC bonds fdied before SO or GC bonds in this structuré

2.3.1.4.3 Carbosiloxanémides

A significant amount of work is available on polyimige®l bismaleimidesontaining siloxae
linkages® 93 102, 18489 Ag discussed in the previous sectid@lasses of High Temperature
Polymers polyimides possess excellent thermal and oxidative stability, glass tibansi
temperatures, resistance to chemical attack, electrical and dielectric properties, and mechanical
modulus and strengtMowever, processing of these materials is difficult and cured materials are

insoluble and infusiblé? 184

The tendency fopolyimides to absorb water is also troublesome, since it causes swelling,
increases dielectric constant, and results in diminisheavabily and mechanical propertiés.
Siloxanes orthe other hand exhibligh solubility, flexibility, transparency to visible and UV
light, and gas permeability, atalv glass transition temperatur@sidsurface energiesiowever
siloxanes have low mechanigdtength, and while they possess decenstasce to thermal and

oxidative degradation, their stability is significantly lower than polyimidés.

Siloxaneimide materials combine thgroperties of these twpolymer system&® Compared
with polyimides polyimidesiloxane (PIS) copolymers shogveaterbiocompatibility stronger
bonding to metal surfacggV stability, ozone resistancéammability resistace,solubility, and
fracturetoughness and impact resistanas well asower water absorption, mechanical strength
and modulus, dielectric constagtass transition temperaturesid thermal stability 36 38, 184,186
187 The lubility is improved due to the siloxane segments disrupting molecular packing and
hydrogen bonding, increasing the free irtbain volume'®* The hydrophobicity of the surfaie
also increasedeven at low concentrations sfloxane segment§! The decreased dielectric
constant is due to the flexible siloxane segments relaxing motediplales byinterfering with
charge transfer between polar dianhydride moieties and disrupting the conjugated polyimide

system'®® Compared with siloxane$IS copolymers exhibihigher thermal stability, dielectric
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breakdown stregth, elastic modulus, and tensile stren§fiThe nature of copolymer synthesis
allows the properties of dse materials to be tailored depending on siloxane and imide contents

and the chemical structures of edgh

PIS materials arespecifically of interest for electronipackagingdue to their mechanical
stability, low permittivity, electrical resistance, lower moisture absorptmal excellent adhesion
to copper3* 18These polymers are alsbinterest for gapermeable membranes, photosensitive

films, and adhesive's?

Many groupshaveconnecgd polydimethylsiloxane linkages to imide groups via a methylene
bridge3%37. 39, 93, 102, 18187, 189193 The jmpact ofspecific structures, purity, processingnd
experimental test methodology evidenteven within thesesimilar polymers.Tsy values were
reported in the range @f10- 487 °C in aif® 102 182 gnd 3H0- 553 °C in nitroger>38 186 The
primary glass transition was generally in the range of-280 °C3739 93. 186, 188, 190, 19t \as
reported as low as 125 € and as high as 336 “€Many groups reported multiple transitions
(up to fou) due to phase separati&i The T of the softsiloxane phaseas generally reported in
the range 0f134 to 29°C,3% 38 189%though was also perted as high as00 °C.3" Dielectric
constants were measured to be 2348° 185186, 19035 compared with polyimides which are often
greatetthan 33.5%?

Changet all%? %!produced PIS copolymers withZvalues at 39422 °C and the maximum
decomposition occurring 898606 °C in air. It was reported that with increasing siloxameunt
the activation enengs for degradation decreased in nitrogen and increased. iffhégrtrend
conflicts with results by Xi et & who report that degradation decreased in nitr@gaiCazacu

et al*®® who report that degradation in air increasetth increasing siloxane content

Cazacu et al®* produced P$ materials with aliphati@ster linkages between organic and
siloxane groups. The monomers were soluble in DMF, DMSO, NMP, THF, acetone, benzene, and
toluene and showed melting point28%-206 °C. Initial degradatiorof PIS copolymersccurred
at 180250 °C with &y at 210-270 °Cand Tiow at 260-350 °C in air. The T1o% decrease with
increasing siloxanamount.Compared to results by other authors, this system exhibits very poor

stability, likely due to thaliphaticester linkages.
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Regnier and Guif@ produced &bismaleimidesiloxane copolymer frona tetrasubstituted
aromatic diamine and maleimideendcappedailoxane Initial degradation occurred arouR@0
°Cin both air anahitrogen. Inair two stages of degradation were observ&2&600 °C and 540
705 °C with peaks at 440 °C and 650 °C. The second degradation was oxidative in nature, not

appearing in inert conditions.

Hamciuc et af® synthestednitrile-containingP1S copolymersSolubility increased, and glass
transition decreased with increasing siloxane confémd.glass transitions were observed afi149
219 °C polymers were soluble ichloroform THF, DMAc, NMP, and pyridine. Decompositio
temperatures were above 430 °C but decreased with increasing siloxane content.

Adhikari et al'®? produced linear and crosslinked PIS copolymers. For theslknked
materialsthe Tgwas obsrved atl75183°C. Linear PISpolymers showed glass transitions from

151-171°C. These values didot changesignificantlywith siloxane content

Multiple authors observe phase separation and thus multiple glass transitions. The degree of
phaseseparation is dependent on the siloxane content and length of the siloxane and imide
segments. Generally, less phase separation occurs with shorter linkages and lower siloxane
contentPDMS tends to be immiscible in organic resins, making the productioonedgeneous
polymers difficult*®> However, phase separation may be beneficial, since it resuttsiliiple
smaller glass transitions, and can preserve the highef the hard phasé&.he higherTg of the
imide phase results in lower mobility of these regions. Conversely thejlofxsiloxane segments
results in increaseahobility. Thismaneuverabilityf siloxane segments can resultiigration to

the surface, which may be beneficial for boundary layer dion 8

Ku and Leé®® synthesized amorphous PIS copolymers and varied the segment lengths and
overall content of PDMS and polyimigmly(arylene ether) blocks. Up four glass transitions
were observed including: the siloxane phasé& 24 to 29 °C and the hamrganic phase at 155 to
200 °C, as well as two additional phasegdatto-74 and 78 °C.

Fitzgerald et af® produced similar PIS phase separated materials with fluorinated polyimide
segmentsincreasing the siloxane content resulted in a decrease of the glass transition temperature
of the imide phase. With increasing siloxane amounts, the size of observed RivhdShsl

increased but smaélingle Xxray scattering data showed that the amount of phase mixing did not
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increase. Thus, the change in theoTthe imide phase was likely due to decreasing its molecular
weight and increasing the flexibility and free volunfetlte ends of the imide segments. This
finding contrasts with the phase mixing explanation as reported by other adthersiloxane
phase § was observed atl15 t0-133 °C and the imide phasq at 254336 °C. The thermal
stability also decreased withdreasing siloxane amount. This was attributed to the increase in n

propyl linkages between siloxaaad imide segment¥he Tso, was observed &@?20-510 °C in air.

Ghosh et af® also investigated PIS phase separated materials with fluorinated polyimide
segments. &fectly alternating copolymemsere synthesized with segments of varyieggths
The dass tansition temperature and elastic modulus of these materials could be tailored based on
composition. Polymers were soluble ghloroform, DCM, DMF, THF,DMAc and NMP. The
siloxane and imide blocks exhibited glass transitions in the rangel®f°C and 132-218 °C
respectively. The block copolymer showed @at 40 °C higher than an analogous random
copolymer. This was attributed to increased regularity and decreased size of phase separated
morphologies. The sk, was observe in at 450519 °C and 414187 °C in nitrogen and air
respectivelyThe stability of théblock copolymemwas recorded at 2T higher thartherandom
copolymer.Ghosh et at®also investigated other PIS copolymergafid oxidative stability both
decreased with siloxane content. PIS polymers shghess transitionat 169201 °C compared
with the Ty of the homopolyimide at 217 °C. In air, 5 % weidiigs occurred a464i 410 °C for
PIS copolymers and 515 °C for therhopolyimide

Additional PIS materials were investigated X et al®’ It was reported that thegof the
siloxane and imide segments were around 100 and 250 °C respectively. With increasing PDMS
content, the Jof the hard imide blockecreased and became less visible. In nitrogen atmosphere,
the decomposition temperatures increased with siloxane congntas observed in the range of
360-520°C.

Blends of PDMSor PMPSand polyimide were produced Bywari et al*3 PDMS and PMPS
were dissolved in THF and blended with poly (a#@@id) solutions in DMAc. The solutions were
then cast, dried, and imidized. Interestingly these blends dispdayieigh ohigher stability than
most of thecopolymers in literature. Additionally, thermal and oxidative stability increased with

siloxane content. For PDMS/imidel)%weight loss was observed@®-618°C in nitrogenand
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545566 °C in air. For PMPS/imides 10% weight loss was observed at6825°C anb63612

°C in nitrogen and air respectively.

Carbosiloxanedave also been produced by a number of autiwifs direct attachment of
siloxane linkagsto aromatidoackbonswithoutthe use baliphaticbridges.*° Damaceanu et 4t.
producedtetramethyldsiloxanecontaining poly(oxadiazolenide)s The elastic moduli of the
materials were 1:4.9 GPa. §were observed at 16583 °C and 3 occurred above 440 °C. The

dielectric constant in the range of 1iHz MHz was measured to be 2i@390.

Tsai et al!® producedsiloxane imidesfrom poly(amicacid) solutions endcapped with
trioxysilanesThe cosslinking mechanismccurred withhydrolysis of oxysilanes to siloxanes by
water produced from imidization reactidNith increasing siloxane content, thgificreased from
242 °C up to 250 °CTsw% in nitrogen increased from 574 to 589 °C, and CTE decreased from 54
t o 4 (@ °Q).mhhis was explained by siloxane crosslinkiAthough the molecular weight of
the polyimide blocks was reduced, the degree of crosslinking thougimé& oxysilane groups

increased.

A similar approach was used &huo® % who produced hyperanched polysiloxane
bismaleimidediallylbisphenolA and bismaleimideyanate ester copolymefsor bismaleimide
cyanate ester resinghenyltrimethoxysilane was polymerized in the presence of water to form a
hyperbranched siloxane network terminated yogrbxyl groupsThe hyperbranched siloxane and
bismaleimidecyanate ester were then-polymerized.The crosslinking mechanism occurred via
reaction of thdnydroxyl groupswith the cyanate estenoiety. For bismaleimidéiallylbisphenol
A resins,phenyltrime t h o x y @amihopropy triethoxysilane, and hexamethyldisilazane was
polymerized in the presence of water to form a hyperbranched siloxane network. The network was
terminated with oxyethyl and amine groups. The resins crosslinked via the reactiearbamine
and malemide groupsin TGA, 5% weight loss occurred arouBd0-430 °C in air for both
copolymer resins dightly lower than observed forbismaleimidediallylbisphenolA and
bismaleimidecyanate ester homopolymer€opolymer esins did show deaeased dielectric

constant and loss, and improved flame retardancy.

A ladderlike polysiloxanefunctionalized with amine and phosphaphenanthrene groups, was
co-polymerized with a bismaleimide resin by Chen et*&lThe resin system showed excellent

flammability resistance Compared with the neat BMI resthe thermal stability in nitrogen
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improved with addition of up to 20 wt.% siloxane. In fact, the pure lalildempolysiloxane
exhibited the best thermal perfornecan with initial degradations beginning around 427 °C. The
dielectric constant and CTE also decreased b20P@ with the addition of the siloxad#

Chavez et al®® synthesizegolyimides containingetraphenylsilanand hexaphenyldisiloxane
linkages Three di fferent di anhydrides were -also
tetracarboxylic dianhydde (BTD A ) , a-oxdliphtalic 4nhydride (OPDA)etraphenylsilane
containingpolymerspossessethelting points of 140C to greater thad00°C depenthg onthe
flexibility of the anhydride portion and meta or para attachment to the tetraphenylsilane.
Hexaphenyldisiloxan@olyimides showed the same trends with melting points o CAd >400
°C. The inclusion of the disiloxane linkage did not necessarily decrease the melting point of the
monomer.Hexaphenyldisiloxane compounds with maigid dianhydride linkages possessed
lower melting points than the corresponding tetraphenylsilane compbiandever, with more
flexible dianhydride linkages the trend reversed, with tetraphenylsitaides showing lower
melting points. Some polymers, those wit more flexible dianhydride linkages and meta
substitution, wersoluble in DMAc No phase separation was observedyeneral, lte polymers
displayed 5 wt. % loss in argon at 2800 °C for metssubstituted compounds and 3660 °C
for parasubstituted cmpounds. The use of the motexible OPDAresulted in little diference
between meta and pasabstituted compounds. Polymers with OPDA also providadh lower
stability thanpolymers with thether two dianhydride linkages, but alsossesselbwer meling
points.Similarly, ladderlike hexaphenyldisiloxane imides were also produé&Melting points
were observe@00°C to greater thad00°C. Onlypolymers with flexible dianhyddies BTDA
and OPDA showed melting pointsThe msets of degradation atccurred at relatively low
temperatures d323460°C.

2.3.1.4.4 Carboxysilanes

A numberof groups have investigated polymers basedastoxysilanelinkages. Whereas for
the most part, polymesr discussed in the previous sections contai®-Si or StC bonds, these
materials contain SD-C linkage<?® Similar to the siloxane bond, tlwarboxysilane bond is very
flexible with a wide bond angle of 141144°1%7 Various synthesis methods for oxysilanes are
described by Kawakanif as well as Cella and Rubinszt&frFor high temperature applications,

focus is generally placed on carboxysilanes where the carbon substituent is aromatic. These
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aryloxysilanes provide greater thermal stability in comparieakoxysilaneslt is reported that
aryloxysilane polymers amsomore thermally stable than PDMS materials, with decomposition
temperatures abods0 °C8 1’°However, the hydrolytic sensitivity of tlearboxysilandinkage
has been the subject of substantial debate and investigdidrolysis occurs more readily in
carboxysilanes as compared with siloxat#e$2%® Where the SO linkage insiloxanes isnore
ionic, the QC linkage in oxysilanes imorecovalent The difference in size and electronegativity
between carbon and silicon atoms also play a Fydrolysisoccurs to produce $H and GOH
moieties. The effective hydrolytic stability of tHiskage £ems to depend on the substituents on
the silicon, the nature of the organic moiety, sthinm@rancearound the linkage, the crosslinked
nature of the polymeiand the nature and content of residual impurittes these reasons, some
literature reports pgmers with high hydrolytic resistance, while other similar polynaggsear to
degrade readily? 82

The rate of this clevage also depends on moisture content and temperature. While hydrolytic
degradation also occurs at room temperatures, it can be especially rapid at processing and service
temperature®? There are several ways to improve the hydrolytic and solvalgiigadation. The
use of a methylene bridge to produce alkoxy linkages instead of aryloxy linkages results in greater
hydrolytic stability>® 52 "However, this approach sacrifices therstalbility 1 36 133Hydrolysis
and alcoholysis is also acid and base catalyzed, thus acids, bases, or salts present as impurities can
expedite dgradation. Aryloxysilane linkages are commonly synthesized by condensation
reactions with phenols and chlorosilanes. The reaction is catdlyzadaseavith the addition of
an amine, and ammonium salts are produced as a byproduct.ifipeséies must béhoroughly
removedE? By eliminated and avoiding ionic and polar impuritigns rate of degradation may be
reduced. Lastly, the rate bydrolysis or alcoholysis may be retarded substantially by increasing
the steric bulk around the-8-C linkage. Cella and Rubinszt&rprovide a table with relative
half-lives of several aryloxysilane linkages subject to methanolysis. Several orders of magnitude
difference in rate is observed as a function of increasing bulk of substitution on the silicon and
ortho position of aromatic aleties. However, this increasing stehndrancas also likely to limit
the flexibility of the carboxysilane linkage and thus increase the melting points of the mofmers.

A number of groups have investigated polymers of the type preserfagline 10, 83 78 835, 170,
199201
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- - - RIaRZ = Me, Ph, etc.
R; = Aromatic

O—Si—O0—FR;,
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Figure 10: Backbone structure ofr@loxysilanepolymers

Noshay and Matzneret al®3% produced a series of block copolymers with
polydimethylsiloxanesegmentsinked arylene éhers or cyclobutene hard segmeiiise polymers
showed Fo at 380-460 °C in N2 and 308430 °C in air. It was reported that toughness was
improved but UV stability decreased. Polymers also showed high hydrolytic stability. Little
degradation was observefies 4-8 weeks of immersion in boiling water more than 2 weeks in
10% aqueous NaOH or 10% aqueous H®is was likely due in part to the hydrophobic effects
of the PDMS linkagess well as the sterigindrancearound the SO-C linkage as well as the

limited number of SO-C linkages in the polymer

Arsen'eva et &° investigated thehydrolytic and therm-oxidative polymers incorporating
dimethyldphenoxysilane (DMPS), methylphenyldiphenoxysilane (MPPS) and
diphenyldphenoxygane (DPPS) Hard sections were produced from the aromatic diols,
bisphenolA andbisphenolS. The polymers showeafening pointof 54-190°C. The hydrolytic
stability was dependent on both the bisphenol and the substitution on the silicon. The polymers
produced fromDPPS andisphenolA displayed high hydrolytic stability, due to the rpolar
nature of the bisphend\ linkage and the steribindranceof the phenyl functional groups. The
sample mass aniiR spectrashowed no change after immersion in waterlfordays.All other
polymers showed some degree of hydrolytic degradatii@thyl-subsitution on the silicon and
the use of the bisphen8l linkage resulted in increased hydrolytic degradation, with weight losses
up to 9 % after 15 days immersion. The increased degradation of the bisBhemaiaining
polymers was likely due to the increaspolarity of the sulfonyl group in comparison to the
isopropylidene group. In the IR spectrum the bands ag@3@xm! (Si-O-Ph) decreased and peaks
formed at 3400, 1225 and 1350 cnPh-OH), and 3400 and 880 ch{Si-OH), and 103a1.100
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cmit (Si-O-Si). Thermeoxidative stability was evaluatdry heating with a series ofHour long

steps up to 350 °C. Compared with bisphehgolymers, materials witbisphenolS exhibited

higher initial thermal stability but showed higher degradation rateigla¢r temperatures. During

initial decomposition, phenolic end groups were produced from phenoxy linkages. With increasing
degradation diol segments and benzene are reldasggroups resulted from degradation of the
polymer backbone. Benzene was progtliby cleavage of phenyl functional groups on the silicon.
Phenolic end groups and diol segments catalyzed the cleavagpl#r§i and SO-C linkages.

The polymers with DPPS linkages showed the highest stability. After 7 hours at 300 °C, 2% weight
losswas observed. In contrast, MPPS and DMPS polymers showed 7% and 10% weight loss

respectively.

Beatti€® synthesizednethyl and phenyl sigitutedaryloxysilane polymers and evaluated their
thermal and hydrolytic stabilityt was reported that these materials showed similar weight loss to
PDMS. Phenybkubstituted aryloxysilaneshowed in improved thermal performance compared
with methylsubstituted polymers. In addition, phenyl substitution was reported to improve
compatibility with organic polymers but also increase viscosity. Rearrangement degradation

mechanisms werdiscussed involvingucleophilic attack by oxygen on the silicon

In work by Curry et al**® aryloxydiphenylsilanesveremelt polymerized at 26800 °C under
nitrogen.Variousdiols were considered includinigydroquinoneyesorcino) 4,4*Biphenol, 2,7
NaphthalenediolandBisphenolA. These materials were mostly terminated by phenolic hydroxyl
moieties The polymers showeahelting pointsbetweer99 °C and greater thaB00°C. The 5 %
weight loss was observed380-530°C depending on dioDunnavant et &% continued he work
by Curry et al*® PolymerT, values were in the range 85-155°C in nitrogen. Crossliking was
observed in air and polymedid not soften below 300C. The thermal stabilityin nitrogen
followed the following trend ofubstitution on the silandipheny > methylphenyl > dimethylit
was observed that the molecular weight of polymers cbealihcreased by #eeating with the
addition of 5% of their monomer. This resulted in tough thermoplastic materialgeteapluble
in carbon tetrachloride, toluene, THF, 1,2,4 trichlorobenzene, benzene, and’ B&4E.materials
were esistant tdydrolytic degradation idistilled water and 30%queous E5Qs for more than

7 days.Some hydrolysis and absorptiarereobserved after prolonged exposure.
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Aryloxysilanes with methyl, phenyl, vinyl, and allyl substitution on the silicon vedse
producel byDunnavant et &% Polymers were synthesized by mettlymerizing dianilinosilanes
with p,p-biphenol Linear materials exhibited thermoplastic behavior with very low softening
temperatures, 500 °C. The use of vinyl or allylfunctional groupsresulted incrosslinked
materials with softening points around 300 TGese materials were &o be melt processed and
drawn into fibersPolymers showedsi; values aB70-490°C and 426480 °C in nitrogen and air
respectivelyAbove 225 °C, a variety of degradation mechanisms occurred including cleavage of
functional groups, backbone cleavaged @rosslinking reaction®olymers were also aged in air
at 200°C or 300 °C for 21 hours. After aging at 300 °C, polymers retaine@785 weight.
Interestingly some polymers exhibiteaigher weight loss after aging at 200 than they did at
300 °C. This was likely due to a higher rate of oxidative crosslinking. Polymers had good
flammability resistance and werseli-extinguishing Some slow hydrolytic degradation was
evident at 20225 °C in air

Drake et at’® produced aryloxysilanes endcapped with phenyl, phenylethynyl, and 4
fluorophenylethynyl. It was reported that-ancapped polymers produced by condensation of
chlorosilanes and bisphenols degrade and crosslink at temperatures above 275 °C through silanol
and phenol end groups. This mechanism results in benzene evoluiaameontrolled chain
branching and crosslinking. Endcapping to prevent hydroatdlyzedreactionsresulted in
improval thermal stability and melt stability. The-encapped and werosslinked endcapped
polymers showed glass transitions at -1@d® °C. Forunendcapped materials, the, Was
inversely proportional to the molecular weight, since a higher molecular weight meant a lower
crosslinking densityPhenylethynyl, and 4luorophenylethynyl endcapped polymers were cured
at 300 °C. In nitrogen, thesk of un-endcappe@nd endcapped polymers was observesDarC
and510-515°C respectivelyDrake et aP3also investigated an additional aryloxgsié containing
diacetylene linkages. Before crosslinking, the polymer showetielting pointa Ty of 130 °G
and aminimum viscosity at 203 °GCrosslinkingoccurredabove 260 °CNo Tq was observed
aftercrosslinking During TGA, 5% weight lossvas obsered at541 °Cin N2 and522°C in air.

A char yield of15.7%was observed in air. This value was very close to the theoretical char yield

of 15.9% based oconversion of silicon to silicon dioxide.
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Several groups have synthesized aryloxysildmede polymers.Babanzadehet al?4 203
producedpolyimides with dipheylaryloxysilane diaminesThe inclusion of flexible ether and
oxysilane linkages, as well as the bulky phenyl groups, resulted in amorphous polymers. These
materials were soluble in DMF, DMSO, NMP, and DMAbe materials shower} valuesof 191
to 220°C. In nitrogen, thé 10%swas in the range &90-455°C. Dielectric constarstwere measured
in the range 02.962.42

Agrawal and NarufR* synthesizegolyamideimides produced with a dimethylaryloxysilane
diamine. The glass transition temperatures were observed a8R34C. Polymers were soluble
in DMF, DMSO, NMP, DMAc,m-cresol,pyridine, and HSQs, and somewhat soluble in acetone.
In nitrogen,T10% Was observed &57-575 °C.

Kolahdoozanand Ghoreisi?® produceddimethytsubstitutedaryloxysilane-copoly(amide
imide)s with different aromatic linkage3olymers were again soluble in BYNMP, DMAc, and
H>SQs. Sane polymers were also soluble in ethanol, methanol, ethyl acetate, chloroform, and
DCM. The glass transitions were observed 23290 °C. TGA in nitrogen revealedsy at 335
460°C andT1o% at445525°C.

2.3.1.4.5 A Summary dbegradation Mechanisms 8fliconContaining Polymers

This section summarizes a number of degradation mechanisms obsemiednrcentainng
polymers as mentioned in previous sectiomdore degradations of silazane andN\Nsbonded
polymers are discussed Bahloul et al**® Chang et af’®K u Si t k'& andBeattia’f The
hydrolytic stability of oxysilaneshas alreadyeen discussed, and is showrFigure 11,53 8286
Similar hydrolysis reactions also occurthvsilanes?: 4910 silazaneg andsiloxanes.

2n vWWSi—OH —P» S —0O0—Sjvvv 4 H,0

Rz Rz Ra
Figure 11: Hydrolysis of oxysilane%: 8286
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Thermal and oxidative decomposition occurs via several routes, depending on structure.
Methyl-siloxanes degrade and forwolatile low-molecular weight cyclosiloxanes by unzip or
rearrangement mechanisfig his is shown below ifigure12 andFigure13, where R represents
a methyl or phenyl groupVhile the decomposition energy of theGbond (322 kJ/mol) is lower
than the SIO bond (397 kJ/mol), energetically favored chain folding or cbhain interactions
and depolymerization result iheterolytic cleavage of the siloxane bownith an effective
decomposition energy of only 167 kJ/mof?”> 8 The inclusion of phenyl functiongroups is
reported to hinder chain folding and prevent these degradafiGhs>?

R R R R
R\ / )% R\ )%
MS'i O/ \O mSi/ O/ \O
I Sl P&
R R R R R R

Figure 12: Rearrangement degradation of polydimethylsiloxéthe

R R
R\ " \/ R R R R R\-/R
mSLo/SI)\o/Si/ \/ g
(9 B S
H/\}\Si-—o s /Si\ /Si\\R
R/\R R \R © R

Figure 13: Unzip degradation of polydimethylsiloxaffe

Oxidative crosslinkings reported to occur via methyl grodpfs% %%r hydrido group$®>*
Oxidation of methyl groups is shown kigure 14. This reaction does result in stabilization of the
polymer, but also releasearbon dioxide angvater, and shrinkage orracking can occurThe

phenyl groups is reported to inhibit the oxidation of methyl groups by stiéeicts>®
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Figure 14: Oxidative crosslinking of polydimethylsiloxaté 163 165
Several degradations of phersylbstituted siloxanes and silanes are describedeaytiB’®
Drake et all’°and Coutanand Levy!’® Many different reactions are possible depending on steric
hindrance degree of phemgdilicon (pd ) ~ bondi ng, presence spf oXYy
temperature, and aging timelydroxyl groups catalyze the cleavage of phenyl groinps
methylphenyl and diphenyl substituted organosilicon compounds. This results in crosslinking

with the release of benzeaad formation of siloxane linkagess show in Figure15 andFigure

16.78
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Figure 15: Hydroxykcatalyzed degradation of metkgthenylsiloxanes’® 170
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Figure 16. Hydroxykcatalyzed degradation of diphersjloxanes’® 7°

The bond energy of the-phenyl bond is less than that of@iSiloxane chains are not directly
attacked by oxygen and free radicdistead thermal cleavage and oxidation of organic groups
occurs®® Thus, if unzip and rearrangement mechanisms and oxidative crosslinking of methyl
groups are avoidedtleavage of the Sihenyl bond occurs at high temperatures befor® Si

cleavageThis is shown irFigurel7.

-]
b O
mslimr- R

R4
Figure 17: Cleavage of Sphenylfunctional groupsat high temperates ’®
A variety of subsequent reactions and the formation of various products are then possible

depending on environmentemperature, and surrounding structure. Oxidation or hydrogen
abstractionfrom methyl or phenyl groupsesult in SiH or siloxy groupsFigure 18 and Figure

19.”® This cleavage also occurs in polymers witkpBenylene linkages in the backbone. Above
350 °C, this can result in a chain branching Inaedsm, the rate of which f@oportional to the
amount of silphenylene linkagésCleavage and oxidation of organosilicon groups evelytual

leads to the formation of a silica phé8e.

msli‘Q—Jli—Owﬂ JVV‘S}i o + 0J|i—0% 2H.> ms:i 4 HSI}—O%

Figure 18: Silphenylene cleavage and hydrogen abstractionra frydrido-silanegroups’®
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Figure 19 Silphenylene cleavaghydrogen abstractiorgnd oxidativecrosslinking’®

Generally increasing the phersdibstitution on the silicon results in more thermally stable
moieties. For example, poly{tamethyisilphenylenesiloxane) (TMPS) is less thermally stable
than poly(methylphenyisilphenylenesiloxang (MPPS.”® However this musbe balanced with
processing and synthesis considerations. For example, polydimethylsiloxane (PDMS) may be
more stable than a poly(tetraphepysilphenylenesiloxane) (TPPS) polymer with lomolecular

weight

For phenylor phenylenesubstituted organosilicon compound=samrangement mechanisms can
still occur. These rearrangements can ocaiulemperatures around 300, {fEior todirect scission
of the Siphenylor Siphenylenebond at temperatures above 43C.”"’8 In TMPS under inert
conditionsat lower temperaturesiloxanesilphenyl rearrangements occur as showigure20.
This resuls in an increase in the polydispersiéyft. higher temperatures, -phenylene cleavage

occurs, eventually leading to the formation of hexamethylcyclotrisilo¥ane.

l /l"‘@w "y
S Uan SR SUO L Ve Foaly

P i

4
/
Figure 20: Rearrangement mechanism in poly(tetramesiilphenylenesiloxane)’®

In MPPSunder inert conditionscyclic oligomer formation does not widely occdue to the
rigidity and steridhindranceof the phenylee linkagelnstead linear oligomers terminated with Si
H or Siphenyl groups are producedgain, two stages are observed, with rearrangements
occurring at lowetemperaturegnd scission of §ohenyl or Siphenylene bonds occurring at
higher temperatureg\t temperatures around 500 °C, the formation of bicyclic compounds is also
possible.Rearrangements may occur via interactions of siloxanes moieties with methyl, phenyl,
or phenylene groups. Whegrendantmethyl or phenyl groups are involved, these reastican

result in chairbranching, as shown Figure21 andFigure22.”®
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Figure 22: Rearrangements involving phenyl functional groupsulting in chairbranching?’®

Phenythydridosilanegmonao, di-, and triphenylsilanesalso undergsimilarrearrangements
of structure at temperatures above 230'®CThis reaction is shown irFigure 23 for a
triphenylsilane.These disproportionation reactioase reported t@ccurvia the formation of a
four-center activated complex and free radicals are not fatfidithe reaction involves phenyl
functional groups, chain branching occurs. If it occurs via phenylene linkages, the polydispersity

is increased. The presencechforide saltss reported teatalyzetheseredistribution reaction¥°

Yo - of0

Figure 23: Disproportionation reaction of triphenylsilarté® 180 207

Under inert conditions at high temperatures, tetraphenylsilane and phenylmethylsilanes

undergo fregadical reactions. Silybhenyl, and hydrogen radicasd a variety of products are
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produced.’® Coutant and LeVy® studied the degradation of tetraphenylsilane in the range ef 530
663 °C under inert conditionslt was observed that unlike mono, di, andptnenylsilanes,
tetraphenylsilanérst decomposgby cleavage of Sphenyl bondsThis cleavage was reported to
occur via a free radical mechanism to produce triphdgljsioducts and phenyl radicalBhese
radicals can then interact with the main chain to form several prodoctading benzene,
hydrogen,triphenylsilane, ancgara, meta, and ortHaphenylyktriphenylsilane.Additionally,
during longterm aging, diphenyl dibenzosilole can also fdfm'®® 178 20’Benzene may be
produced from phenyladicals abstraatg hydrogert’® In inert atmospherehe triphenyislyl
radicals may abstract hydrogen to prodtrgghenylsilane. Triphenylsilangehen decomposes as
discussedpreviously to yield various phenylsilaneBjgure 23. The activation energy for
degradation of tetraphenylsilane was reported to be 325 kJ/mol, slightly higher than that of
triphenylsilane, 293 kJ/mol.

Roughly 60% of the products werdpbenyl structures Biphenylyktriphenylsilares are
produced from interactions of phenyl radicalsfrom dehydrogenation of phenyl groug3ne
example reaction of this type is givenRigure24. The distribution of products was observed to

be2:4:1 para:meta:ortho isomef$: 178 207

Figure 24: Formation ofbiphenylyttriphenylsilanes "8 207

During longterm degradation, the formation of 5;difphenyldibenzosilole and 5, -5'
spirobi(dibenzosilole) were also observed. This cyclization occurred viaddéeal reactions.
While this reactio was of minor importance in the degradation of tetraphenylsilane, it was
described at the primary degradation mechanismdforethytdiphenyl silaneand methy

triphenylsilane as shown irfFigure25.178
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Figure 25: Intermolecular cyclization of dimethgiphenylsilango form 5, 5dimethyl
dibenzosilole "8 207

2.3.2 SiliconContaining Phthalonitriles

PhthalonitrilefPNs)are good candidates foylridization with organosilicon moieties due to
their ease of processinlpw moisture absorptiomnd highglass transition temperaturé$°PN
resins are alsorpne to crackingvhen exposed to high temperatures and oxidizing environrifents.
The inclusion of organosilicon substituents may provide a viable route to improving the toughness
and oxidative stability of these polymengntil recently, little research existed on silieon
containing phthalonitrile resins. Howevesince 2015several groups have produced and
characterized silicogontaining phthalonitrilie compounds. Examples includigazane’!
carboxysilané? >2 carbosilané? siloxane® >3 and silsesquioxane group$.Additional groups
have synthesized silicerontaining phthalonitrile compounds but did not report the thermal
properties of the neat polymers’

While not directly phthalonitrile based polymers, materialvehdeen produced with
organosilicon linkages and phthalocyanine moie#lesumber of siloxane, silane, silazane, and
oxysilane | inked phthal ocyanine polymers were
review by McKeown'°® These materialsonsistedf phthalocyaninesilicon complexes where the
silicon atom connected the organic or siloxane backbone. In 2088a et aP’ produced
phthalocyanines with dimethyl and diphenyl siloxane chains and measured their optieetigsop

and aggregation.

The first known #icon-containng phthalonitrile monomerand polymersere synthesized by
Hardrict et al®® and reported in a dissertation in 2003. These phthalonitriles were blended with

novolac resins. While the processing characteristics and thermal properties of the blends were
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reported, no information was included on the properties of phthalonitolgsining silane and

siloxane by themselves.

iﬁ\/ﬁf? éf 5;/ G

1,3-di[2-(3,4-dicyanophenoxy)phenylpropyl]-1,1,3,3-
1,5-di{2-(3.4- dlcyanopheuoxy)phenylpropyl) -1,1,3,3,5,5- 1,3-di-[2-(3,4-dicyanophenoxy)phenylpropyl]-1,3-dimethyl-1,3- tetramethyldisiloxane
hexamethyltrisiloxane diphenyldisiloxane

=Z

O

1,4-bis[2-(3.4-

dicyanophenoxy)phenylpropyl-dimethylsilyl] benzene 1,3-di [2-(3,4-dicyanophenoxy)phenylpropylJ-1,1,3,3-

tetraphenyldisiloxane

Figure 26: Slicon-containing phthalonitrile monomeoduced byHardrict et al>®

In the last few years, several chemistries have been produced and evaluated by Babkin,
Bulgakovand their coworker&: 5253, 79. 20209 The structures andrgperties are summarized in
Table8. In 2015,Babkin et al®® %2 "®producedphthalonitrileswith dimethyl, methylphenyl, and
diphenyl substituted alkoxysilane linkagélshe methylene bridge connected to the aromatic
backbone via both meta and para substitution. Monomer melting points were not reported but glass
transitions were reported &t to 27 °C. ThesalkoxysilanePN monomers were hydrolytically
stable enough to bgurified by chromatography. This was explaingddgberic hindrancefrom
phenyl substitution on the silicobut was also likely due to the methylene bridGee mra
connected oxysilane with diphenyl substitution started with a low monognbuficrystallized
after heating to 150C. This indicates the pure compound possesses a melting point higher than
this temperature. Viscosities for other monomers were observed@bPa at 150 °QRolymers
were cured with 4 mol% of 1;Bis(4aminophenoxy)benzenen{APB). Heat deflection
temperatures in TMA were observeddt3 428°C. No clear trend was observed in heat deflection

temperature with respect to monomer structure.

In TGA, 5 % weight loss was measureds&1-554 °C in argonand520i 527 °C in air. T1ow%
was observed in the range 557592 °C in argonandat 556 °C in air. Polymers exhibitedigh
residual weightn N2 of 75-82wt. % at 900°C. Char yields in air were1:13% at 1000C. Char
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yields in air were 4% higher than predicted based on silicon conversion te. Bi@restingly,
higherthermal stabilityin air was achieved witldimethyl substitution on the silicaand meta
substitution on the aromatic backbombis was attributed to increased flexibility of the monomer
resulting in a greater degree of cure or défe ratios of curing products. In contrast, polymers
with phenyl functional groups and para substitution would have possessed more rigid, sterically
hindered backbones, with decreased mobilfpur phthalonitrile groups are involved in
phthalocyanine fanation and three for triazine. Thus, the backbone must be flexible enough to
allow for the formation of these groupswas also reported that the phenyl group is more labile
than the methyl group. In addition, the cleavage of a phenyl group resultseémmass loss than

loss of a methyl group, due to the difference in mass between benzene and mMetlzaltitional
explanation couldnvolve oxidative crosslinking of the methyl grougs. argon, methylphenyl
substitution on the silicon dgto the highesstabilities.Again, this may be due to the relationship
between monomer backbone flexibility and degree and nature of curing or difference in stability
and resulting mass loss betweem&ithyl and Sphenyl groupsThe observed dhdlities were

also veryclose to one another, so itatso possible that differences were within varemdt is
unclear whether repeated trials were conducted or what the standard deviations wdald e

trend was observed based on para/meta substitution on the aroacktone.

For the metasubstituted alkoxysilanphthalonitrile with methylphenyl functional groups,
flexural strengtiof 69 MPawas observedBlends of phthalonitrile resins with 280% of this
monomer were also consideré@?®® Blends exhibitedflexural strength of 83+13 MPa and
flexural modul of 5.6£0.1 GPaAt 300 °C, polymers retained ®85% of their mechanical
properties.In flammability studies aimiting oxygen index of >80 was observed indicating
excellent ammability resistance.

Babkin et al® then utilized omputational modeling was to predict the glass transition
temperatures of multiple silicecontaining phthalonitriles. Predicted values wéne good
agreementvith the previously synthesized alkoxysilaipéthalonitriles It was assumed that the
methylene bridge of previously produced polymeesulted in decreased glass transition
temperatures. Theynthesis of aryloxysilane phthalonitrile reswithout this alkyl bridge was
then attempted However, it was discovered that the materials underwent rapid hydrolytic
degradationMonomersdegraded quickly in solution and in contact with silica or alumina media.
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Degradation was also slowly observadhe solid state. NMR was used to confirm the hydrolytic
cleavage, with appearance of phenolic OH and polysiloxane peaks, and the disappearance of the
water peak.

Table8: Silicon-containing phthalonitriles synthesizbgl Babkinand co-workers®? 5253 79

Argon Argon Argon Char Air Air Air Char
Ts% T10% 900°C Tsw Tiow 1000°C
G  (C) wt%) (°C) (°C) (wt.%)

Monomer  Polymer

Linkage Structure To(°C) Tha (°C)

0—Si—

27 424 532 557 75 524 | 556 13

12 420 537 563 79 520 | 553 12

21 415 531 585 75 524 | 556 11

ﬁ@w 2 432 554 | 592 82 523|561 | 12

11 428 549 579 80 524 | 557 12

O
O~
@
Q

29 - - - - - - -

28 - - - - - - -

rQ
afa
oPa

@}__}{}W 4 471 | 503 | 538 | 76 |495|579| 22

A hexamethyldisiloxane was also synthesized in 28IFe monomer was liquid at room

temperature with d@4of 4 °C. After curing, the polymer exhibited a heat deflection temperature
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of 471 °C, as measured using TMA in penetration mode. It is of note that this method usually
provides elevatel values compared to other measurement technitiudsGA in argon, the o

was observed &03°C and the Tow at 538°C. The residual weight at 900 °C was 76%. In air, the
Tswwas observed &@95°C, the Tiowat 579 °C, and char yield at 1000 °C was 22 wt.%gréadual

weight loss was observed at temperatures above 200 °C. This was attributed to slow oxidation of
the methyl groups on the disiloxane linkage. This oxidation likely helped stabilize the polymer
agairst further degradation. The char yield in air was 21.8%, which was in good agreement with
the 21.1% predicted by conversion of silicon to 5iO

Other groups have also investigatdat@an-containng phthalonitrile materials. PMesins with
a tetramethyldifoxane linkage connected to the aromatic segments by a methylene \wecdge
produced and evaluated hgskoskiet al® The softening point of the resin was around 1@5
The polymer exhibitee Tso at 420 °C in nitrogen ad air. These values are very low compared
with other phthalonitriles, likely due the dimethylsiloxane, methylene bridge, bispAenol

linkages, and low maximum curing temperature of 300

Several groups have produced resins witlylpedraloligomericsil sesquioxanenoieties.Li et
al> produced resins byco-curing organic bisphthalonitrile monomer 4,4-bis(3,4
dicyanophenoxy)biphenylith up to 10 wt. %epoxycyclohexyland rphenylaminopropyPOSS
and2 wt. % ofthe catalys#,4-bis(4aminophenoxy)biphenylThe oxidative stability improved
slightly in TGA with the addition of POSS compounds. The effect was likely limited by the lower
stability of linkages produced by thpaxycyclohexyland rphenylaminopropyyroups.

Kaliavaradhan and Muthusaf{produced a polymesy connedng phthalonitrile groups via
oxysilane linkagedo an ircompletelycondensed phenyilsesquioxangPOSS) The éectron
withdrawing nature of th@hthalonitrile group may have added some stability to the oxysilane
linkage.The monomer wadissolved in DM® and mixed witt8-5 wt. % of4,4-diaminodiphenyl
sulfone The melting point of the compound was not reported but is expected to be very high due
to the high melting points of pheny®OSS In TGA, the hermal stability in nitrogewas observed
with the Tsy at 440470 °C and theTiow at 463520 °C. These values are quite low for
phthalonitrile and POSS compounds. It is possible titaimplete curinglue to monomer rigidity,
or degradation prior to curinga unreacted silanol groups occurred. Phase separation between the

monomer and the catalyst was also possible.
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Several groups have made use of silazanes or silazane linkages in the curing of
phthalonitrilesx®% 211In 2014 Zhanget al® reported on thénclusion ofsilazaneinkages into
bis-PN monomersvith methyhydro, methylinyl, or dimethyl functional groups on the silicon
atom.The monomers displayddw melting pointsof 40i 60 °C. The monomers were soluble in
acetone, DMF, chloroformDCM, ethyl acetate, and diethylamindhe silazandinked
phthalonitriles exhibited selfuring behavior due to the secondary amine in the sitaliakage.
The addition of a catalyst was not needBuake cure reaction occurred 265281 °C. Due to the
lower basicity of the silazane amine, compared with the primary amines used in PN catalyst
compounds, the curing peak shifted to higher temperaby€s33 °C. This lower basicity was
due to the occupation of the empty silicon d orbital by the lone pair on the nitrogen, producing a
d-p’ el ectron wilt &dditrora te i starglardenitrileecaring reactions, in the
methylhydresilazane PN system, dehydrogenation reactiocurred between hyidiosilane
bonds and amines, as showrFigure27. The resins exhibited glass transitions at temjpees
greater than 450 °Use Was observed &35 570°C and543 562°C in N2 and air respectively.
At 1000 °C, residual char yields were 882.6 wt.% in N and 10.112.5 wt.% in air.The
hydridomethytsubstituted polymepossessed the highest stapiliThis was attributedo the

dehydrogenation reaction.
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Figure 27: Crosslinking througldehydrogenation between silazaneéHSand amine NH
bonds>!

Recently Wang and Ningf reported aoligosilylarylnitrile resin of with two methylsilane
linkages and nitrile substituted phenylene linkdggtween terminal phthalonitrile groups
Interestindy the use of a catalyst was not report@aplying the resin exhibited selcatalyzed
behavior, likely due taesidual impurities or active hydrogen fraime StH bonds. The resin
displayed aaftening temperatureear60 °C. Gelation occurred at 160 “@hd a aring peakwas
exhibited at 268 °C The PN resin was also cured with the addition 28 wt.%
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hydridomethypolysilazane The silazand®N mixture wadiquid atroom temperature. No phase
separation was reported, likely due to the [damnethytsilicon moieties in both compoundsor
the sibzanePN blend, glationoccurredat 100°C and acuring peakvas observed 458 °C Both
pure and resin with 2@t.% polysilazane wereured to a maximum temperature of ZZ&D °C

for 2 hours, much lower than the traditional postaytemperature of 37%C.>°

The neat oligosilylarylnitrilgpolymer possessed high stability in TGA witk,bbserved ab60
°C and460°C in nitrogen andir respectively. Very high char yields were also obseate8D0
°C with 925 wt. % and55wt.% in nitrogen and air respectively. It is of note thatthkies of Fo
and char yield are likely elevated slightly due to the 20 °C/min ramp rate used in these TGA
experiments.It is also unclear whether powders or bulk samples were uSed.the
oligosilylarylnitrile-silazane blend, sk was observed a650 °C and 580 °C in N2 and air
respectively. Rsiduecontentat 800°C was 90wt.% and 74 wt.% in N2 and air respectively. If
these values are correct, they are some of the highest ever reported for phthalonitrile Sistems.
char yields in air were also muchgher tharpredicted by simple conversion of silicon to &iO
For reference the silicon contents of the neat resin and PN/silazane blend were 12.9 wt.% and 19.2
wt.% respectively, resulting in predicted char yield®df6 and 41.1 respectivelBoth resins
displayed glass transitions abot20°C. Laminates were produced with silica cloth and provided
good mechanical properties on par with other phthalonitrilegpahdmides.Greater than 50%
retention of mechanical properties was observed at 400 °C.

In addition to traditional phthalonitrile crosslinking mechanisms involving cyano groups
(isoindoline, phthalocyanine, andeizine formation)the neat polymer underwemgdrosilylation

reactiondbetween CN a n d md@adtias,khs shown iRigure28.
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With the addition of silazane, additional curingechanisms also likely included reactions
bet ween cyano groups and NI H groups (Michael

addition reactions). This is shownHigure29 andFigure30.>°
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Figure 30: Nucleophilic additiorofNT H a n dnoi&ies

The work ofPhua et at?®is also worth consideringhough their work used Sidillers instead
of molecularly incorporated silicon, many similar interactions between Si, OH, aldy@ups
are discussedncludingadducts with isoindoline, triazine, and phthalocyanineegdrcinolbased
phthalonitrile with silica fillersvas usedor encapsulation of high temperature electroriisST
calculations found the adduct with isoindolitmebe thermodynamically unfavorable but adducts
with triazine, and phthalocyanine to be thermodynamically feasiiese interactions are

described irFigure31 andFigure32.

The addition of silica fillers resulted in improved performance for an encapsulated package.
Neat PN encapsulant cracked during exposure to 138 MP#® &(29n contrast, PN resin with
the addition of 50 wt.% silica fillers survived, and the package bonds remained intact, after
exposure at 190 MPa and 310 °C for 168 hours. This improved performance was attributed not
only to thermal stabilization of theNPresin, but also the reduction in CTE with the addition of
silica. This resulted in diminished CTE mismatch between encapsulant and package components,
which reduced the effective thermal stres$eghe dielectric constant of the Rédmposite
decreased from 7.36 for the neat resin to 3.99 with thié@udf 50 wt.% silicalt is of note that
the specific curing profile is not discussed, only that the resin was cured &€ #8010 minutes
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and the package was subjected to an unspecified heat treafimeigh value of the dielectric

constant fortie neat PN conflicts with other PN literatifend may indicate that the resin was

not fully cured.
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Figure 32: Slanol groupsreactingwith isoindoline substructuresf phthalocyaninenoietes 12°
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3 Summary of Design Consideratiansl ResealcApproach

Literaturepreviously discussed in this manuscriptludes variousrganic hightemperature
polymers, as well asrganosilicon and hybrid polymers. Building on this literataeseral design
considerations may kdaken into accounPhthalonitile monomers are commonly designed with
thermally stable structures, such as aromatic and heterocyclic rings. Flexible units such as ether
linkages commonly connect phthalonitrile groups and atget structures. These flexible units
improve processingf the prepolymers and toughness of the resulting polyfner.

Until recently, little research has focused on the incorporation of flexible, siticotaining
linkages into phthalonitrile monomei@hang et at* incorporated silazane (®l) linkages into a
phthalonitrile resin and Babkint el.3® °2 synthesized similar polymers with carboxysilane
linkages.Dzhevakov et at® investigated a disiloxane phthalonitrile with methyl groups. The
materials synthesized by these groups showed excellent thermal and-txédatove properties
with very low softening points. These results also confirm that pkeingdn linkages may be
incorporated into phthalonitriles without substantially affecting the glass transition.

While the siliconphthalonitrile materials synthesized by these groups exhibited high thermal
and thermeoxidative stability, emphasis was generally placed on develagisigs with low
softening points and loragrm stability was not characterizéids alsoof note thamanypolymers

reported in literatureontain moieties reported to be thermally unstafilgure33.

In many of these compoundse silicon linkage is attached to the aromatic backbone via a
methylene bridgeThis improves processing of the material by lowering the monomeand
melting point.However,methylene and benzylic groups in the backbone should be avoided for
optimum thermal stability® This is due to the lower homolytic-B bond energy of these bonds
relative toaromatic GH bonds. Connecting the silicon linkage directly to phenylene groups results
in greater resistance to thermal degradaielow 550 °C' "8

The incorporation of aromatic moieties instead of methyl functional groups on the silicon is
also reported to improve thermal stabifity.8 % For example, nodecomposition of
tetraphenylsilane was reportedelow 500 °C in inert atmosphere, durirghortterm

experiments/® 212
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Figure 33: Silicon-containing monomers produced by Babkin et al. Z81%8%2%° Babkin et al.
2016/° Laskoski et al. 2015Dzhevakov et al. 201%8and Zhang et al. 2018Moieties reported
to result in thermally unstable polymers are highlighted in red.

Siloxanes are known for their high resistance to degradation due hgthbond energy and
partial polar or ionic nate of the SiO-Si bonds:>® Simultaneously, the wide bond aagirovides
flexibility. However, although the €0 linkages in siloxane moieties have slightly higher bonding
energies (397 kJ/mol) than-8i bonds (322 kJ/mol) and-G (354 kJ/mol) in silanes and
oxysilanes: 27 siloxanes may degrade at lower temperatukesve 200 °CSi-O-Si materials
often suffer from low temperature degradations duexwmative crosdinking, or chain folding
and unzipping or rearrangement mechani&€hi§3The increased susceptibility of rearrangements
is reflected in research on silarylesitoxane polymer$® 1°lt is reported that the thermal and
oxidative stability decreases with incregglength of siloxane linkages. This is especially true of
dimethylsiloxane linkage€. These lowetemperature mechanisms may be redungdeeping
the StO sections of the aromatic backbone relatively short and limiting chain mobility due to the
formation of a highllinked network, in this case via phthalonitrile grodp#. is alsoreported
these mechanisms may be reducedthyy inclusion of aromatic functional groups. Bulky
substituents chatohain interaction and sterically hinder chain folding. Instead, tHé Sond
cleavage is reported to occuwith the release of benzen&enerally, this is reportedat

temperatures above 300 b@t has also been observed as low as 258 % 153169

Relevant literature on phenylsiloxanes and phenylsilane compquodsles information on
expected degradation modémder inert conditions and at high teengtures, tetraphenylsilane
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and silphenylenpolymers undergo cleavage of@ienyl bonds via freeadical mechanism3he
cleavage of a phenyl group from tetraphenylsilane results in the formation of phenyl radicals and
triphenysilyl radicals. Which mayeact to form a variety of products including benzene and
triphenylsilane.Compounds with mono, di, and -phenyl substituted silicon moieties may
undergo disproportionation reactionso form tetraphenylsilane and lowsubstituted
hydridophenysilanes This can result in chain branching mechanismdnder oxidizing
atmospheresthe radicalspeciesformed from the cleavage of phenyl groups and phenylene
linkages result in the formation a$iloxy groups Thesesiloxy moietiesmay condense to form
siloxane and oxysilane linkages. It is unclear if oxygen catalyzes the cleavageheh$i bonds

or simply interacts with the resulting radicaBnce sufficient cleavage of phenyl groups occurs,
siloxane rearrangement mechanisms rbaypossible via chaiohain interactions. However,
unlike other siloxane polymers, cyclic siloxane oligomeric degradation products are not commonly

reported in literature for phenylsiloxanes and silphenylé&hé$ 8o 153, 16970, 179180

The presence of hydroxyl groups has been shown to result in cleavage€ohrfsi SiC
bonds!”"® Phenolic and siinol species may be present as degradation products or as impurities
from synthesis. Residual metal, organometallic, ionic, and polar impurities, catalyze degradation
mechanisms, especially oxidation mechanisms. For example, salts are commonly produced during
synthesis bt are detrimental to stability. These impurities must be removed or avoided for
optimum thermal performance to be achie(é 18°

The hydrolytic stability is also a concern. Thensitivity of the carboxysilane linkage
moisturehas been the subject of substantial debate and investigation. Hydrolysis occurs more
readily in carboxysilanes as compared with siloxaA€48® However, nost of literature suggests
that diphenyisubstitutedbxysilane linkages are hydrolytically staleleough to processéeé®> 19
202 |t is expected that after curing, the highly crosslinked network will be more resistant to
hydrolysis.The use of amino and hydrido groups as substituents on the silicon also result in higher
rates of hydrolysishan methyl or phenyl group¥” 82

The longer bond lengths of-8i and SiC bonds, and theiide bond angleSi-O-Si and SiO-
C linkages results in a higher degree of flexibility and more free volume than corresponding
organic linkages. The increaselbackbone flexibility can improve toughness of high temperature

polymerst® ¥4The toughness and resulting damage tolerance is commonly an issue with brittle,
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highly crosslinked systems such as phthalonitritesyvever theincreased flexibility also lowers
the elastic modulus® 41 156. 15%The inclusion of organosilicon linkages usually also results in a
reduction in glass transition temperatufée incorporation of bulky substituents on the silicon
atoms, such as phenyl groups, hasn shown to limit this effe¢t? Furthermore, due to their high
glass transition temperatures, the ldagn use temperature of phthalonitriles is often instead

limited by degradatiorThese high Jvalues make PN resins good candidates for hybridization.

In siloxane systems, the use of aromatic functional groups has also been shown to increase the
solubility of resinsin organic solvent$’ 8% °*92 Both phthalonitrile and rganosilicon resins are
commonly solublen halogenated and aprotic polar solveiiise softening point of resins is also
worth considering. The inclusion of highly flexibdeganosilicorlinkages dten results in highly
amorphous monomers with low glass transition temperatiirés.of note however, thahe
increase in steric hindrance from aromatic groups limits the flexibility of linkages. This can
increase the melting point of monomers byl®0 °C. *° Theinclusion of other flexible linkages
such as aryéther linkagespr asymmetric structures such as ortho and 1saistituted phenylene
moietiesalso decreases monomer glass transition or melting temperatifes.

The length of the monomer backl@also affects the softening point, viscosity, and elastic
modulus of prepolymers.Oligomeric compoundsvith longer backbones between crosslinking
groupsshowslower rates of curing and lower degrees of crosslinkiogidr Ty values anetlastic
modul areobserved. Since viscosity increases as curing occurs, the rate of viscosity increase is

dependent on the rates of curing reactions.

3.1 Research Approach

Objectives for this research were to 1) evaluate the characteristics of-sibctaining PN
resins sadcted for thermal and therraxidative stability and 2) provide insight on how chemistry
effects processing, therrmechanical properties, and degradation modes. In order to complete
these objectives a number of tasks were accomplished: A) a literatiew reas completed to
identify design considerations for higgmperatur@rganosilicon anghthalonitrile polymersnd
monomer structures were selected, B) synthesis and purification procedures were developed for
phthalonitrile compounds with carboxysilamarbosilane, and carbosiloxane silicon linkages, C)
silicon-containing phthalonitrile monomergere synthesized in large scale and high yasid

characterized via a variety of methp@y processing profiles were developed and cured samples
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were produce, E) the processing, thermal and oxidative stability, and themechanical
properties of synthesized and commercial phthalonitrile matewaie taracterizd and
compare, and F) thedegradatiorbehaviorand propertiesof PN materials were reported and

opportunitiedor further improvement were recommesatl

Prior to beginning the research presented in this manudttiptliteratureexisted on silicon
containing phthalonitrile resinI.hus, the majority of the researchetition was influenced by
literature on phthalonitriles, organosilicon systems, and other hybrid polymers. Since 2015, the
work of the groups presented in the sectdicon-Containing Phthalonitrilesas shed more light
on the inclusion of organosilicon linkages into phthalonitrilBlsis recent literature has been

included in discussion of results, conclusions, and recommendations for future work.

The addition of fleible silicon-containing linkages to phthalonitrile polymevasexpected to
lower theglass transition temperaturesgBind elastic moduliand improve fracture toughness
and oxidative stability of polymeras compared with standard phthalonitriles.SEpee-polymers
may also possess enhanced soluhilibyver the softening pointsnd lower viscosities at lower
temperaturesBy attaching the silicon atoms to bulky amgid aromatic structuresigh thermal
and oxidative stabilitand glassransitiontemperatureshould be attained@he oxidative stability
is especially of interest as evident by the study by Koerner®&frake formation of siloxy units
and subsequent condensation to silica, is likely to result in decreased permeation by oxygen and

thus decreased degradation.

Given relevant literature available at the time, thneenomer structures were identified,
including carboxysilane, carbosilane, and carbosiloxane linkages. These monomer structures are

provided inTable9.

Table9: Selected Monomer Structures
Carboxysilane-PN Carbosilane-PN Carbosiloxane PN
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Recentlyin 2016,the carbosilane PN was produdeyi Terraza et at®> However its polymer
properties were not reported. relatively low melting point of @ 93 °C was reported for this
compound. To the author 6s Kk nloxare phdhglenitrieshhave c ar b o

not been evaluated.

Procedures are available in literature for the synthesgofarcompounds. The carboxysilane
moiety was expected to be produced by the condensation of dichlorodiphenylsilane and the
appropriate phendin the presence of triethylamifie 63 86. 170, 203, 22214 The carposilane and
carbosiloxane segments may be produced by reaction of a {am@matic compound with
dichlorodiphenylsilane or dichlorohexaphenyldisiloxand asbutyl lithium 3233 183, 196196, 25221
The additimmn of phthalonitrile groups may be accomplished by the standard reaction of phenols
with 4-nitro phthalonitrile® 20 22,25, 88,123,129, 132, Z The monomers and synthesized reactants
can becharacterizethy a variety of characterization techniques to confirm structure, composition,
and purity. These include thlayer chromatographylemental analysjsdifferential scanning
calorimetry (DSC)Fourier transform infrared (FTIR) spectroscpopuclear magnet resonance
spectroscopy*H, 3C, and?®*Si NMR), and Xray diffraction crystallography.

Monomersmay be mixed with 210 wt.% of atypical catalyst. Bs[4-(4-aminophenoxy)
phenyl}sulfone p-BAPS)was selected based on its thermal stability. Alternative amines used in
literature includem andp-phenylenediamine, 4nexhylenedianiline,<aminophenyl ether, 44’
(p-phenylenedioxy) dianiline, -dminophenyl sulfone4*-bis(3aminophenoxy)diphenyl fone
(m-BAPS), and 1,3-bis(3-aminophenoxy)benzenen{APB).2 Resin catalyst mixtures may be
evaluaed by prallel plate rheologyand DSC.Curing is accomplished following standard
procedures, which involved melting the monomer and catalyst, and heating20@.8C until
gelation, followed by a series of steps at-8® °C. Compression molding ofdtaged pre
polymerscan beused to produce resin plaquB$aques are evaluated by acoustgcan analysis

to evaluate porosity content.

As-cured polymers can be characterized by FTIRermogravimetric analysis (TGA)
TGA/FTIR, DSC,dynamic mechanicalnalysis (DMA) andthermomechanical analysis (TMA)
An oxidative aging study may be used to provide information on-temg stability at 250 °C.
Volume and weight measurememsovide estimates of stability. ppropriate experimental

techniguesmay be usedo measure degradation and resultant changes in propefti@ged
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samples. These includgptical microscopyscanning electron microscopy (SEM) with energy
dispersive spectroscopy (ED®)icro-computed Xray tomographyFTIR, and Knoop hardnes

characterizations.
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4 Synthetic Procedures for SilieGontaining Phthalonitrile Monomers
4.1 Introduction

This chapter covers the synthesis, purification, and chemical characterization of three silicon
containing phthalonitrile monomers and their respegireeursors. The target chemical structures
were selected in the previous chapter, and include carboxysilane, carbosilane, and carbosiloxane
linkages. The monomers were intended to avoid specific degradation routes common fer silicon
containing compounds asell as address gaps in literatuigigh-yield synthetic routes are
provided in addition to extensive analytical characterization. The melting points and hydrolytic

stability of compoundarediscussed.

4.2 Experimental

4.2.1 Materialsand Methods

4-Nitrophthalonitrile  (98%) was obtained from Accela Chembio Co. Ltd.
Dichlorodiphenylsilane n-butyllithium (n-BuLi, 2.5 M in hexanes), -bromophenol (>99%),
acetic anhydrideand palladium on carbon (10 wt.%) were purchased from Sigma Aldrich.
Hydroquiname (99.5%) was purchased from Acros Orgariicem Gelest Inc. was obtained 41,3
dichlorotetraphenyldisiloxane. From  Oakwood Chemical was  purchased 4
benzyloxybromobenzene (low moisture, >99%). Potassium carbona®@0{K99%) 4-
benzyloxypheno(>98%), ancacetic acid ( >99.7%)as purchased from Alfa Aesar. Magnesium
sulfate (MgSQ, anhydrous, >98%) was obtained from MP Biomedicals. Neutral activated carbon,
triethylamine (TEA), tetrahydrofuran (THF), dimethylformamide (DMF), dichloromethane
(DCM), ethyl aetate, hexane, and chloroform were purchased from Fisher Chemical. Ethanol was
purchased from Decon Laboratories. Toluene was purchased from Spectrum Chemical MFG Corp.
Silica gel (4060 um, 60 A) was obtained from VWR InternationdIHF and toluene wereach
distilled over sodiumbenzophenone ketyl and stored over 4A molecular sieves under nitrogen.
DMF was dried with 4A molecular sieves.®0s was dried under vacuum at 80 °C for 24 hours.

All other materials were used as received.

4, 3C, and®*Si nuclear magnetic resonance (NMR) spectra were recorded on an Agitent U4
DD2 instrument with DMS@ls, CDCBk, or acetonals as the solvent, and tetn@thylsilane (TMS)
as an internal standard. Correlation spectroscopy (COSY), heteronuclear-gsiaglem

correlation spectroscopy (HSQC), and heteronuclear muhiphel correlation spectroscopy
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(HMBC) were used to assign protons and carbons. Meltind data was obtained by differential
scanning calorimetry (DSC) using a TA Instruments QI®0Q20with a ramp rate of 8C/min.
Elemental analysis was performed by Atlantic Microlab Inc. Fourier transform infrared (FTIR)
spectroscopy was conducted usingfermo Scientific Nicolet 6700 with Spectra Tech Inc.
attenuated total reflection (ATR) attachment. Supercritical fluid chromatography (SFC) was
conducted using a Thar/Waters Corp. SFC equipped with high pressure pump, a Waters 2990
photodiode array dettwr, autesampley and a bare silica column. Ultgerformance liquid
chromatography mass spec (UPLC/MS) and UV spectroscopy (UPLC/UV) was conducted using
a Maldi/Waters SYNAPT G2 with a Waters Acquity UPLCcHlss system and Hybrid
Quadrupole TOF analyzeAPCI sourceand MassLynx software.

4.2.2 Synthesis of the Carboxysilaréhthalonitrile Monomer

Figure 34 provides a general synthetic scheme for thethggis of the carboxysilane
phthalonitrile monomeand its respective precursdiis synthetic route was chosen due to the
hydrolytic sensitivity of the aryloxysilane linkage and the mild conditions needed for the
condensation reaction. Furthermore thact®n byproduct, triethylaminéiCl salt precipitates

out of solution pushing reaction conditions toward completion and allowing easier removal during

work-up 53
O—< >—OH
Ns NO,
HO—OOH + — e N
K,CO;, DMF HOPOPN
Excess N// //

e 0

2 nN= + o] N

Cl—si—Cl » " —sl—0 p
TEA, THF, Toluene /©/ \©\ m
Vi N// (o] (o] %,

COSPN N
Figure 34: General synthetic scheme for the catmilanephthalonitrile monomer
4.2.2.1 Synthesis of-M-Hydroxyphenoxy)phthalonitrile (HOPOPN)

A threenecked flask with addition funnel, rubber septum, nitrogen inlet, and stir bar was flame
dried under vacuum and purged with nitrogen. To the vessel was added 80 mL of dry
dimethylformamidgDMF) and an excesd dydroquinone (36.9 g, 33Bmol). The reaction was
stirred until the hydroquinone dissolved. To the solution was added pulverized, dried potassium
carbonate (23.2 g, 168mol). The reaction vessel was chilled in an ice water bath and allowed to
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stir for fifteen minutesA solution of DMF (95 mL) and-fitrophthalonitrile (14.5 g83.8 mmo)

was prepared and transferred to the addition funnel. The slemityophthalonitrile solution was
added dropwise slowly over approximately one hdue reaction wasllawed to warm to room
temperature and left stirring overnight. The reaction was heated to 80 °C for 7 hours. The reaction
contents were removed and poured into 1000 mL of 0.1 M HCI. Brown precipitate of the desired
product was separated by vacuum filwatthrough a coarse frit. The precipitate weshedwvith

200 mL deionized water. The product was then dissolved in 600 mL of DCM and washed with
water four times in 400 mL increments (approximatelyl1v@ater total). The organic layer was
separated andrigéd with MgSQ. The MgSQ was removed by vacuum filtration and the solvent
was removed by rotary evaporation. The orange/brown product was purified by silica column
chromatography (5:12 ethyl acetate: hexane) to produce white poWideproduct was drieih

a vacuum ovel8 torr at 7680°C for 24 hours)Extended drying at 780 °C caused the product

to turn a bluiskgreen.Yield: 16.1 g, 6& mmol, 81%.R:: 0.36 (SiQ, hexanes/ethyl acetate, 3:1).

mp: 152 °C (lit. mp 1551 °C??%.'H NMR (400 MHz, DMSGd 6 , U £.80p 8% jm; 2H),

6.977 7.06 (m, 2H), 7.28 (dd, J = 8.8, 2.6 Hz,)1HA.67 (ddJ = 2.7, 0.4 Hz, 1H), 8.05 (dd, J =

8.8, 0.4 Hz, 1H), 9.62 (s, 1H)H NMR in CDCls, ppm: 6.94 (4H,m), 7.21 (2H, m), 7.70 (1H,
d).X*C NMR (101 MHz, DMS& 6 , a, ppm): 10 7CI3N) ,( Alr1o6) NOQ 01 1(5R -
116.54 (ArC), 116.71 (ArC), 120.92 (ArC), .72 (ArC), 121.82 (ArC), 136.22 (ArC), 145.30
(ArC), 155.33 (ArC), 162.19 (ArC). IR (ATRemY): 3413, 3107, 3077, 3041, 2235, 1592, 1503,
1484, 1442, 1308, 1251, 1197, 1096, 1081, 950, 880, 833, 792. Anal. calcdHeN£D,: C,

71.18; H, 3.41; N, 11.86D, 13.55. Found: C,17/53; H, 3.41; N, 11.84.

4.2.2.2 Alternative Synthesis 4f(4-Hydroxyphenoxy)phthalonitrile (HOPOPN)

Prior to using the synthetic route outlined previously for HOPOPN, an alternative route was
utilized, Figure 35. 4-(4-(Benzyloxy)phenoxy)phthalonitrile was first synthesized, followed by
cleavage of benzyl groups to form(4-hydroxyphenoxy)phthalonitrile (HOPOPNyVhile this
method prove successful, the single step route detailed previously in this manuscript yielded

excellent results, making the use of a benzyl protecting group unnecessary.
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Figure 35. Synthesis od-(4-(benzyloxy)phenoxy)phthalonitriiOPOPN)and cleavage of
benzyl groups to form-@-hydroxyphenoxy)phthalonitrile (HOPOPN)

A threenecked flask with addition funnel, rubber septa, and nitrogen inlet was flame dried

under vacuum and purged with oigen. The flask was chilled in an ice water bate reaction
was run under nitrogen atmosphere. To the reaction vessel, 3.d%.¢¢ mmol) of 4-
benzyloxyphenoHissolved in 15 mL of drdimethylformamidg DMF), was added. iverized
dried potassium carmate(2.07 g, 15.0 mmol) of was stirred into solutidaitrophthalonitrile
(2.60 g,15.0 mmol) was dissolved in ihL of dry DMF and added dropwise ov&d mirutes The
reaction was allowed to warm to room temperature and left stirring overnight. therakeated
at heated at 80 °C for 6 hours while stirring. The reaction contentspeared into300 mL of
iced water. Bown precipitate separated by filtration. The product was then dissolved in DEIM (
mL) and washed with M potassium hydroxideolution in three 50 mL increments. The organic
layer was separated and dried with MgSThe layer was then filtered, and thavent removed
by a rotary evaporato©ff white powder was obtaineBurther purification was accomplished by
dissolving the produdh 2:1 Hexane:DCM and running it through a silica plug-Wiite powder
was obtained after removal of solvents by rotary evaporation. Yield: 4.2 g, 13 mmoll86%;
NMR in DMSO-ds, ppm:5.12 (2H, s), 7.14 (4H, m), 7.31 (1H, dd), 7.35 (1H, m), 7.41 (2H, m),
7.46 (2H, m), 7.71 (1H, d), 8.06 (1H, d)

4.2.2.3 Cleavage of Benzyl Groups to For@#-HMydroxyphenoxy)phthalonitrile (HOPOPN)
The cleavage of the benzyl protecting groups was accomplisiveglttensferhydrogenation

with 1,4 cyclohexadiene. Hydrogenation of the nitrile groups was not observed under these

conditions. A threanecked flask with addition funnel, rubber septa, and nitrogen inlet was flame
dried under vacuum and purged with nieag To the flask was added 0.15 g (0.46 mmdB-
(benzyloxy)phenoxy) phthalonitrile, 3 mL DMF, 0.055 g (10 %) Pd/C and 1 ml- 1,4
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cyclohexadiene. The mixture was allowed to stir at room temperature for 1 hour. The reaction was
then heated to 5€C for 5 haurs. An additional 0.2 g Pd/C and 1 mL 1,4 cyclohexadiene were
added and the reaction was run for an additional 6 hours. The reaction contents were poured into
100 mL of ethyl acetate and the Pd/C was filtered out. The filtrate was then washed witlBxvater (
50 mL) and dried with MgS© The MgSQwas removed by vacuum filtration. The solvents were
removed by rotary evaporation, yielding an-oftiite powderH NMR in DMSO-ds, ppm: 6.85
(2H, m), 7.01 (2H, m), 7.28 (1H, dd), 7.67 (1H, d), 8.05 (1H, d), ABR §).
4.2.2.4 Synthesis of 44((Diphenylsilanediyl)bis(oxy))bis4pienylene))bis(oxy))
diphthalonitrile (COSPN)

Figure 34 describeshe synthéc procedure for 4,4/(((diphenylsilanediyl)bis(oxy))bis(4;1
phenylene))bis(oxy)) diphthalonitrile. A threecked flaskoutfitted with an addition funnel,
rubber septum, nitrogen inlet, and stir bar, was flame dried under vaamdntransferred to a
glovebox under nitrogenHOPOPN (2.36 g10.0 mmol), dry THF (7 mL), dry toluene (1 mL),
and TEA (3.8 mL, 25 mmol) were added to the reaction vessel. To the addition funnel,
dichlorodiphenylsilane (1.05 mL,®mmol), THF (8.75 mL) and toluene (1.25 mL) werdded.
The reaction vessel was removed from the glove box and placed under nitrogen in an ice water
bath. The HOPOPN/THF/ Toluene/TEA solution was stirred for 20 minutes. The
dichlorodiphenylsilane solution was added slowly dropwise. The reaction cowenatsllowed
to warm to room temperature and stirred for 24 hours. An additional 0.53 rfaLm(Rol)
dichlorodiphenylsilane, diluted with THF (7 mL) and toluene (1 mL) were added dropwise. After
stirring for 20 minutes the addition funnel was removed aplced with a dry reflux condenser.
The reaction mixture was heated to 75 °C for 6 hours. The reaction vessel was then transferred to
the glovebox under nitrogen and allowed to coolomnm temperature. An additional @@nL of
THF was added. After fifteeminutes contents were filtered to remove triethylammonium salts.
The reaction vessel was removed from the glove box lam@dlvents were removed by rotary
evaporationThe yellowish solid product was heated under vacugridrrat 80°C. for 24 hours
toremove solvents and residual impurities. The product was then stored under dry n¥tieigen.
3.10g, 470 mmol, 78%. Purity (LCMS): 80%, mp: 16859 °C.'H NMR (400 MHz, CDC}, U,
ppm): 6.88 6.93 (m, 4H), 7.02 7.07 (m, 4H), 7.13 7.20 (4H, m), 7.44 7.47 (4H, m), 7.50
7.56 (m, 2H), 7.69 (dd, J = 8.7, 0.5 Hz, 2H), 7.7681 (4H, m)}*C NMR (101 MHz, CDGJ, i,
ppm): 108.78 (ArC), 115.11 (R N) , 115 N1 (@RrR7.73 (ArcC), 121.
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121.68 (ArC), 122.05 (ArC), 128.4&\(C), 130.30(ArC), 131.60 (ArC), 135.07 (ArC), 135.48
(ArC), 148.12 (ArC), 152.08 (ArC), 162.23 (ArC). IR (ATR, &n 3042, 2929, 2232, 1650, 1584,
1498, 1486, 1429, 1259, 1229, 1214, 1150, 1126,-1002, 11031012, 933, 833, 718, 696.

4.2.3 Synthesis of the Carbosilarehthalonitrile Monomer
In Figure 36, a general synthetic scheme is provided for the synthesis of the carbosilane

phthalonitrile monomer and its respective precursors.
Li
Br@o@ + /—F TR Li4©—0 C

Pd/IC, H,, THF, EtOH C 2

DPSDP

DN @E@f@

e
ay CG Dot o Q

Figure 36. General synthetic scheme for the carbosw@lhlﬁmlonltnle monomer

4.2.3.1 Synthesis diis(4(benzyloxy)phenyl)diphenylsilane (BODPS)

The structure obis(4-(benzyloxyphenyl) diphenylsilane (BODPS) is given kigure 37. A
synthetic procedure was followed similar to that reportedagidsohn et at® Prior to use, all
glassware, stibars, stopcocks, septum, syringes, needles, and cannula were stored in an oven at
100°C overnight. A 1 L thremecked flask with addition funnel, nitrogen inlet, rubber septum, and
stir bar was flam@lried under vacuum and purged with nitrogen. To theti@avessel570mL
anhydrousTHF and 4benzyloxybromobenzeng0.0 g, 114 mmol) was added. The reaction
vessel was placed in a dry ice/acetone bath and stirred for twenty mirutés. addition funnel
n-BuLi (45.6mL, 114mmol) via syringewas transfered. The n-BuLi solution was then added
slowly dropwise over the course of one hour. The mixture was stirr@8 &€ for thirty minutes.

A flame-dried Schlenk flask was transferred to a glove box under nitrogen atmosphere.

dichlorodiphenylsilanel0.9 mL, 5.8 mmol) and109 mL THF were transferred to the Schlenk
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flask. The flask was removed from the glove box and the silane solution was transfeared to
addition funnel via cannula. The silane solution was then added slowly dropwise over the course
of approximately two hour®uring the addition, dry ice was periodically added to the bath the
ensure the temperature remained arod8C The mixtureand bath weréhen allowed to warm

up to room temperature slowdyer a period of four hour§he mixure was transferred to a round
bottom flask and the solvent was removed by rotary evaporation. The resulting product was
dissolved in 500 mL DCM and washed with water four times (approximately & water total)

to remove lithium salts. The organic Erywas separated and dried with MgSénd the drying

agent removed by vacuum filtration. The solvents were removed by rotary evaporation. The
product was dissolved in 80 ml of chloroform and recrystallized twice with ethanol (130 mL each
time) to yield wiite powder. Foanalyticalcharacterization, a small amount was purified via silica
column chromatography (2:1 hexane:DCM). Yield: 22.2 g, 0.0424 mol, &%.25 (SIiQ,
hexanes/ CEClz, 2:1).R:: 0.25 (SiQ, hexanes/CLClp, 2:1).mp: 151 °C (lit. mp 149150 °C?19),

'H NMR (400 MHz, CDCE, a) 5. 09 [ %05 (M AH(P)) 9.30 7.87. (th5
16H(1,2,11,12,13)), 7.4i77.52 (m, 4H(6)), 7.55 7.59 (m, 4H(3))*H NMR (400 MHz, DMSQ

ds, U): 5.12 (s, 4H), 7.06 7.12 (m, 4H), 7.30 7.51 (m, 24H)1*C NMR (101 MHz, CDG, i) :
69.91 (C9), 114.62 (C7), 125 (C5), 127.68 (C11), 127.94 (C2), 128.16 (C13), 128.75 (C12),
129.57 (C1), 135.08 (C4), 136.45 (C3), 137.03 (C10), 138.02 (C6), 160.2C°{GIFYMR (79

MHz, CDCb, U): -14.77.IR (ATR, cm1): 30642963 (w), 2908 (W;CHy-), 2864 (w;-CH,-), 1592

(s), 1565 (m), 1501 (s)463(w; -CHz-),1452 (m), 1428 (m; ¥ ) , 1288 (m), 1273 (
1229 (s), 1182 (s), 1110 (s-%i) , 1037 (w), 1025 (m), 1010 ( m),
(m), 700 (s)Anal. calcd. for GgH3:0-Si: C, 83.17; H, 5.88; O, 5.83; Si, 5.12. Found: C, 83.01; H,
5.86.

4.2.3.2 Synthesis of 44Diphenylisilanediyl)diphenol (DPSDP)

The structure of 4,4diphenylsilanediyl) diphenol (DPSDP) is provideRigure38. A two-
necked flask was assembled with a reflux condenser, nitrogen inlet, hydrogen balloon attachment,
glass stopper, and stir bar. As to prevent the solvent from interacting with the nitrogénaslet
or the hydrogen balloon, the reaction vessel was assembled so the nitrogen inlet and hydrogen
balloon were connected via the reflux condenser. The reaction vessel was flame dried under
vacuum and purged with nitrogen. To the flask was added BODP& ¢53.9 mmol), 444 mL
THF, 148 mL ethanol, and 2.9 g Pd/C. Vacuum was briefly apied the reaction vessel was
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purged with hydrogen. This was repeated once to ensure a mostly hydrogen atmosphere. The
mixture was stirred at room temperature for ihd@he reaction was then heated to 70 °C for three
days.The reaction vessel was then remqvaad Pd/C was filtered out using vacuum filtration
with a Buchner funnel. The solvents were removed via rotary evaporatienproduct was
purified via silica olumn chromatography (4:1 hexaneshyl acetate). The solvents were
removed via rotary evaporation and the product dried under vacuum (48 toPCatds@4 hours)

to yield a white powder. The solvents were removed via rotary evaporation and the product dried
under vacuum to yield white powder. Yield: 18.1 g, 49.1 mmol, 90.8%. afatytical
characterization, a small amount was recrystallized frometm.Rr: 0.16 (SiQ, hexanes/ethyl
acetate, 4:1). mp: 229 °C (lit. mp 2222 °C?19). 'H NMR (400 MHz,acetoneds, Uj): 6.881 6.93

(m, 4H(7)), 7.34 7.44 (m, 10H(1,2,6)), 7.50 7.57 (m, 4H(3)), 8.59 (s, 2H(9H NMR (400

MHz, DMSO-ds, U): 6.741 6.92 (m, 4H(7)), 7.21 7.34 (m, 4H(6)), 7.35 7.53(m, 10H(1,2,3)),

9.70 (s, 2H(9))!H NMR (400 MHz, CDCY, {i): 4.87 (s, 2H), 6.80 6.87 (m, 4H), 7.31 7.46 (m,

10H), 7.50i 7.58 (m, 4H)3C NMR (101 MHz acetoneds, U): 115.99 (C7), 124.47 (C5), 128.54
(C2), 130.10 (C1), 136.25 (C4), 136.88 (C3), 538(C6), 159.69 (C8):*C NMR (101 MHz,
DMSO-ds, U): 115.35(7), 12246 (5), 127.92 (2), 129.43 (1), 135.08 (4), 135.73 (3), 137.39 (6),
158.90 (8)2°Si NMR (79 MHz,acetoneds, U): -14.64.2°Si NMR (79 MHz, DMSGdg, Ui): -15.15.

IR (ATR, criY): 3=3604 (w; OH), 3400 (m, br; OH), 306872 (m), 1597 (m), 1581 (m), 1502

(m), 1428 (m; Siv ) , 1 3 70H), 1258;(m)W1238 (M), 1180 (m), 1109 (s%S) , 1048 ( m)
826 (m), 742(w), 700 (mAnal. calcd for GsH2002Si: C, 78.22; H, 5.47; O, 8.68; Si, 7.6Epund:

C, 78.25; H, 5.45

Figure 37: Bis(4-
(benzyloxy)phenyldiphenylsilai@ODPS).
Numbers correspond to carbons and thei
respective hydrogens as assigned in NMI

Figure 38: 4,4-(Diphenylsilanediyl)diphenol

(DPSDP). Numbers correspond to carbon

andtheir respective hydrogens as assignec
NMR.
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4.2.3.3 Aternative Synthiec Route for 4,4(Diphenylsilanediyl)diphenol (DPSDP)

An alternative route for the synthesis of DPSDP, via reaction -bfohophenol and
dichlorodiphenylsilane is reported by Davidsohn éf%Tagle et af**and Terraza et &F° This
route was also investigated and is outline#igure39. It was confirmed to produce an identical
compound in 40% vyield.

73 /_/*U + 5 OOH THF > LiOOLi
LiOOLi + 0.6 cgc THE, O.SMHCID- HO@—?@OH

Figure 39: Alternativesynthetiaoute for 4,4:(diphenylsilanediyl)diphenol (DPSDP)

Prior to use, all glassware, stir bars, stopcocks, septum, syringes, needles, and cannula were
stored in an oven at 10C€ overnight. A 250 mL threreded flask with addition funnel, nitrogen
inlet, rubber septum, and stir bar was flame dried under vacuum and purged with nitrogen. To the
reaction vessel was added 36.1 mL (90.1 mmdBuLi via syringe. Then-BuLi solution was
cooled to-70 °C. To the adton funnel was added-Bromophenol (6.78 g, 39.2 mmol) and 108
mL anhydrous THF. The THF/bromophenol solution was added slowly over the course of 1 hour.
The reaction mixture was then allowed to warm up slowly to 5 °C. The mixture was then cooled
to -60 °C. To a second addition funnel was added 2.64 mL dichlorodiphenylsilane 2.64 mL (12.5
mmol) in 12.5 mL anhydrous THF. The silane/THF solution was added over the course of 20
minutes. The reaction mixture was then allowed to warm up slowly overnight' € afd stirred
for 2 hours. The mixture was then removed and poured into 360 mL of 0.5 M HCI. The solvent
layer was separated, and the solvents were removed by rotary evaporation. The oily product was
then dissolved in diethyl ether and washed with wareettimes. The organic layer was separated
and dried with MgS@ The MgSQ was removed by filtration and the solvents were removed by
rotary evaporation. The oil was poured into hexane and stirred for 10 minutes. The hexane solution
was decanted, and tletraction procedure was repeated. The solvents were removed by rotary

evaporation. The resulting product was recrystallized from toluene to yield yellow crystals.
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4.2.3.4 Synthesis of 44(([Diphenylsilanediyl)bis(4dhenylene))bis(oxy))diphthalonitrile (CSPN)

Figure 40 provides the structure for 4,4(diphenylsilanediyl) bis(4;/phenylene))bis(oxy))
diphthalonitrile (CSPN). A thremecked flask with refix condenser, rubber septum, nitrogen
inlet, and stir bar was flame dried under vacuum and purged with nitrogen. DPSDP (22.4 g, 60.8
mmol) and 112 mL of dry DMF was added to the flask. The contents were stirred for 15 minutes
to ensure the DPSDP was fulliissolved. Pulverized dried potassium carbonate (26.5 g, 192
mmol) was stirred into solution. The reaction was stirred for an additional 10 minutes. 4
nitrophthalonitrile (22.12 g, 128 mmol) was then addé reaction was allowed to run at room
temperatee overnight. The mixture was then heated to 80 °C for 8 hours. The reaction contents
were removed and poured into 1 L of dilute HCI (0.1 M). After fifteen minutes, brown precipitate
of the desired product was separated by vacuum filtration using a &warBke precipitate was
washed with deionized water. The product was then dissolved in 500 mL DCM and washed with
water 4 times. The organic layer was separated and dried with Mg8@he solvent was removed
by rotary evaporation to yield effhite powder. Yield: 36.25 g, 0.155 mol, 96%. For analytical
characterization, a small sample was purified by flash column chromatography (silica, 10:1:10
hexanes: ethyl acetate: chloroform), followed by recrystallization from acetonitrile to yield clear
crystals.R: 0.23 (SiQ, hexanes: ethyl acetate: chloroform, 10:1:10). mp: 223HGIMR (400
MHz, DMSO-ds, a) 1 7.30 .(n2 4H(7)), 7.44 7.58 (m, 12H(1,2,3,14)), 7.5i7 7.65 (m,
4H(6)), 7.91 (d,J = 2.5 Hz, 2H(10)), 8.13 (d = 8.7 Hz, 2H(13))**C NMR (101 MHz, DMSQ
ds, a) : 108.75 (C12), 115. 40 (C15), 118,90 (C
123.41 (C10), 128.32 (C2), 130.12 (C1), 130.29 (C5), 133.12 (C4), 135.84 (C3), 136.39 (C13),
138.23 (C6), 155.68 (C8), 160.28 (C¥5i NMR (79 MHz, DMSGds,  14.94. IR (ATR, crh
1:3=308062998 (W), 22341(; A N), 1585(s), 1580 (s), 1564 (W)4B7-1483 (s), 1427 (m; Si
W)y, 1312 (s), 1307 -%()m) ,1211208 O( n()m) ,1-¥17254 70 A(Ps6; {An:
Sikv), 890 (w), 856 (w), 838nalcaldd,for @BMsOLIND,, 743
77.40; H, 3.90; N, 9.03; O, 5.15; Si, 4.%und: C, 77.11 H, 3.91.
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Figure 40: 4,4-(((Diphenylsilanediyl)bis(4 ;phenylene))bis(oxy))diphthalonitrile (CSPN
Numbers correspond to carbons and their respective hydrogens as assigned in NMR.

4.2.4 Synthesis of theCarbosiloxanePhthalonitrile Monomer
In Figure41, a general synthetic scheme is provided for the synthesis of the carbosiloxane

phthalonitrile monomer and its precars.

2 L;@fo/—Q + CEOE‘: T o@—a—o—&—@o

c

OQSPCHQQD > HO—@—SFO*Si—Q—OH
PD/C, Ha, THF, EtOH

(D) P
gle d O

Vi AN V, N
N N CSOPN N N

Figure 41: General synthetic scheme for the syntheste@tarbosiloxane phthalonitrile
monomer

4.2.4.1 Synthéic Route for 1,8Bis(4(benzybxy)phenybl,1,3,3tetraphenyldisiloxane (BODSO)
For the production oBODSQ, Figure42, asynthetic proceduravas utilized similar to that
reported byDavidsohn et a'°for the production of tetraphenylsilane corapds A threenecked
flask with stir bay rubber septumaddition funnel,and nitrogen inlet was flame dried under
vacuum and charged with dry nitrogenTo the reaction vessell90 mL THF and 4
benzyloxybromobenzene (10 g,.88mol) was addedThe reactn vessel was placed in a dry

ice/acetone batfTo the solutionn-BuLi (16.8 mL, 380 mmol) was added slowly dropwiséhe
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reactionmixture was stirred af78 °C for thirty minutesThen 1,3dichlorotetraphenyldisiloxane

(6.53 mL,7.8 g, 173 mmol), diluted with 65 mL THF, was added slowly dropwiS@ereaction

contents werallowed to warm up to room temperatuneer a period of four hours. The solvent

was removed by rotary evaporation. The producttivasdissolved in 300 mL DCM and washed

with deionizd water four times (approximatelyO2L of water total) The organic layer was
separated and dried with Mg&O'he drying agentvasremoved by vacuum filtratioand he

solvents were removed by rotary evaporation. rEiseltingproduct was purified by silica column
chromatography31 HexanéDCM) to yield a white powder. Yield: 8.73 g,.38nmol, 68%. mp:

164°C.R:: 0.19 (SiQ, Hexane/CHG, 2:1).'H NMR (400 MHz, Acetonads, UG, ppm) U 5.
4H(9)), 6.991 6.94 (m, 4H(7)), B4iT 7.27 (m, 10H2,13), 7.447 7.34 (m, 12H1,6,19), 7.49i1

7.44 (m, 4H(11)), 7.58 7.49 (m, 8H(3)):3C NMR (101 MHz, Acetonels) U 70. 20 ( C9) ,
(C7), 127.31 (C5), 128.47 (C11), 128.63 (C2), 128.66 (C13), 129.28 (C12), 130.75 (C1), 135.79
(C3),136.72 (C4), 137.55 (C6), 138.14 (C10), 161.40 (&°8)j.NMR (79 MHz, Acetonals) - U

18.41. IR (ATR, crit): 30673019 (w), 2936(w; -CHy-), 2875 (w; -CHs-), 1593(s), 1560 (W),

1503(m), 1465(w; -CHy-), 1456(w), 1430(m; SK¥ )1273 (m), 1247m), 1182 (m), 1112s; St

W ) 1095 (s;Si-O-Si), 1026 (w), 1011 (m), 998 (w), 8Gt), 831 (w), 821 (w), 741(m), 700(s).

Anal. calcd for GoH4203Si: C, 80.39; H, 5.67; O, 6.42; Si, 7.52). Found: C, 80.18; H, 5.62.

4.2.4.2 Synthéic Route for,4'-(1,1,3,3Tetraphenyldisiloxark,3-diyl)diphenol (DPDSO)

Figure43 provides the structure of DPSDR.two-necked flask was assembled with stir,ba
nitrogen inlet reflux condenserand hydrogen balloon attachment. The vessel was flame dried
under vacuum and purged wihy nitrogen. BODS0Z3.4g, 31.4mmol), 351 mL THF,117mL
ethanol, and2.34 g Pd/Cwere added to the flaskhe reaction vessel waken purged vith
hydrogen The mixture was stirred at room temperature for 1 hour. The reacidants weréen
heated to 70 °C fofour days. The reaction vessel was removed, and Pd/Cremasved by
filtration. The solvents were removed via rotary evaporation.prbduct was purified by flash
silica column chromatographysimg 19:1DCM/ethyl acetate. Solvents were removed via rotary
evaporation Theresulting white powdewas dried under vacuu(8 torr at 50C for 24hours)
Yield: 15.2 g, 26.8 mmoI86%. A smallamount was further purified by recrystallization from
toluenefor analyticalcharacterizationR:: 0.08 (SiQ, DCM/ethyl acetate19:1). mp: 217 °C. H
NMR (400 MHz, Acetonads) ' 61. 689 (m, 4H(7)), 7.29 (m, 8H(2)), 7.327.36 (m, 4H(6)),
7.361 7.41 (m, 4H(1)), 7.48 7.55 (m, 8H(3)), 8.56 8.60 (m, 2H(9))*C NMR (101 MHz,
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Acetoneds) U 115.86 (C7), 125.69 (C5), 128.52
137.65(C6), 160.03 (C8)?°Si NMR (79 MHz, Acetonals) -18.38.IR (ATR, cnil): 3 = 3536
(w, br; OH), 32003400 (m, br; OH), 3062974(m), 1598(m), 1581(m), 1504(m), 1428(m; Sk

W ) 1372 (w;W-OH), 1263 (m), 1243 (m), 1179 (m), 11{t SK ) 1091 (s; SIO-Si), 1047 (m),
828 (m), 738(w), 712(m), 699(s), Anal. calcd for GsH300sSk: C, 76.29; H, 5.34; O, 8.47; Si,
9.91. Found: C, 76.41; H, 5.38.

. 13 12
2 11 2
- 10 :
1 "6 7 9 2 Z‘S 7 o
oQSi—o—Sié@o Ho©~sa o—Si—QS—OH

Figure 42: 1,3-Bis(4(benzyloxy)phenyh Figure43. 4,4-(1,1,3,3Tetraphenyl
1,1,3,3tetraphenyldisiloxane (BODSQO) disiloxanel,3-diyl)diphenol (DPDSQ)
Numbers correspond to carbons and thei  Numbers correspond tarbons and their

respective hydrogens as assigned in NMI  respective hydrogens as assigned in NMI

4.2.4.3 Synthdéic Route for,4-(((1,1,3,3Tetraphenyldisiloxarg,3-diyl)bis(4,1
phenylene))bis(oxyJ)phthalonitrile (CSOPN)

Figured4illustrates the structure of CSOPANthreenecked flaskvas assembledith stir bag
nitrogen inlef rubber septumandreflux condenserThe reaction vess&las flame dried under
vacuum and purged wittiry nitrogen. DPDSO (15.2,@6.8 mmol) was dissolved in 112 mL of
dry DMF.K>COzs (11.12 g, 8 mmol) was stirred into solutio.he mixture was allowed to stir
for fifteen minutes. Them-nitrophthalonitrile (9.28 g, %6 mmol) was stirred into solutioM.he
reactionranat room temperature overnigimid was theheated to 80 °C for 8 hours. The reaction
contents were removed and poured into 700 mQ.bfM HCI. Precipitate of the desired product
was separated by filtration and washed with deionized wHiter product was then dissolved in
500 mL DCM and washed with deionized water 4 timed (®tal). The organic layer was
separated and dried with Mg&O'he MgSQ wasremoved by filtrationand the solvent was
removed by rotary evaporatiohhe product wagurified byflash silica column chromatography
using 10:1:10 hexartethyl acetatehloroform.Yield: 15.4 g, 18.8 mmol, 70 %-or analytical
characterization, a small amount was further purified by recrystallizatioretetonitrile Ri: 0.23
(SiOz, hexane/ethyl acetate/chloroform, 10:1:10). mp: 4901 °C.*H NMR (400 MHz, CDC4, U,
ppm): 6.95 7.01 (m, 4H(7)), 7.28 7.28 (m, 4H(10,14)), 7.307.35 (m, 8H(2)), 7.41 7.46 (m,
4H(1)), 7.48i 7.53 (m, 8H(3)), 7.54 7.58 (m, 4H(6)), 7.71 7.76 (m, 2H(B)). 1*C NMR (101
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MHz, CDClk, u, p p Q12) 1M 0XC19)415.32(C16), 117.65(C11), 119.77(C7),
121.60(C14) 12190 (C10), 127.96 (C2), 130.29 (C1), 133.65 (C5), 134.55 (C4), 135.08 (C3),
135.43 (C13), 137.64 (C6), 155.13 (C8), 161.24 (&Y. NMR (79 MHz, CDC4) -18.50.IR
(ATR, cmi}): 3 38983000 (w), 2233 (m; CN), 1580 (s), 1563 (w), 1495 (m), 1485 (s)284

(m; SKY), 1311 (s), 1281 (s), 1252 (s:#D) 1213 (m), 1175 (m), 1138 (s;-%), 1107 (s; Si¥),

1086 (s; SiO-Si), 1054 (w, br; SD-Si), 897 (w), 853 (W 837 (m), 830 (M), 739 (M), 712 (M,

699 (. Anal. calcd for GoH3aN4OsSke: C, 76.26; H, 4.18N, 6.84; O, 5.86; Si, 6.86. Found: C,
76.04; H, 4.23; N, 6.73

i W
N N

Figure44: 4,4-(((1,1,3,3Tetraphenyldisiloxand,3-diyl)bis(4, %
phenylene))bis(oxy))diphthalonitrile (CSORMNumbers correspond to carbons and their
respective hydrogens as assigned in NMR.

4.2.5 Crystal Structures
4.2.5.1 Crystal Structure of CSPN

Crystals of CSPN were grown from 4:1 hexane: ethyl acetate. The structure was confirmed by
X-ray crystallographic analysigigure 45. A colorless blok (0.17 x 0.29 x 0.35 m#h was
centered on the goniometer of a Rigaku Oxford Diffraction Gemini Ultra diffractometer operating
with MoKa radiation.The data collection routine, unit cell refinement, and data processing were
carried out with the program GlisPro??® The Laue symmetry and systematic absences were
consistent with the triclinic space grouglPThe structure was solveding SHELXT-2014and
refined using SHELXE2014via Olex222722° The final refinement model involved anisotropic
displacement parameters for Aleydrogen atoms and a riding model for all hydrogen atoms.
Olex2 was used for molecular graphics generafidimformationon the crystal structure of CSPN
is provided as follows: 103 K, 4H24N4O2Si, triclinic, space group-B, primitive. Unit cell
parameters: a = 9.7711(8), b = 12.4266(111, ¢ =13.9186(7), alpha = 91.435(6)°, beta =
93.552(5)°, gamma £04.879(7)°, volume = 1628.7(Ay.
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4.2.5.2 Crystal Structure of OBN

Crystals of CSOPN were grown from tolueriEhe structure was confirmed by-rdy
crystallographic analysigigure46. A colorless plank was cut into a prism (0.13 x 0.24 x 0.34
mm®) and centered on the goniometer of a Rigaku Oxford Diffraction Gemini E Ultra
diffractometer operating with MoK radiation.The data collection routine, unit cell refinement,
and data processing were carried out with the program CrysAliéPTde Laue symmetry was
consistent with the triclinic space groupk &d P1. The centrosymmetric space groug,,Rvas
chosen.The structure was solved using SHEL2014 and refined using SHELX2014 via
Olex22722% The final refinement model involved anisotropic displacement parameters for non
hydrogen atomand a rding model for all hydrogen atoms. Information on the crystal structure of
CSOPN is provided as followd:01.8(9) K CsH3aN4OsSiz A 7HG triclinic, space group R,
primitive. Unit cell parametersa = 10.5442(3A, b = 19.3888(5)A, ¢ = 25.4613(6) Aa=
110.194(2)°b= 93.652(2)°g = 100.237(2)°Volume= 4763.3(2) A.

Figure 45; X-ray structure of CSPN Figure46:. X-ray structure of CSOPN. Solvent
molecules are omitted

4.2.6 Additional Compounds and Synthesis Routes Investigated

Additional synthetic routes were initially investigated in the pursuit of synthesizing the
carboxysilane monomer. The intention was to synthesize - 4,4
((diphenylsilanediyl)bis(oxy))diphenol and react it witindrophthalonitrile to form the desired
monome. A direct route using hydroquinone, as well as the use of ester and benzyl protecting
groups were investigated. However, these routes either did not yield desired results or were found
to be less optimal #nthe procedurepreviouslydetailed in thisnanuscript Due to the observed
hydrolytic sensitivity of the aryloxysilane linkage, the divergent synthesis approach was
abandoned in favor of a convergent synthesis route. The following sections detail these

investigations. Due to their sudptimal naturethese methods were not fully characterized.
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4.2.6.1 Attempted Synthesis of 4¢4Dphenylsilanediyl)bis(oxy))diphenol
A direct synthesis approach using hydroquin¢me protecting groupjyvas attempted~igure

47. However this yielded a distribution of products.

cl—si—cl  + HOO—OH > O—SI—0Q
DMAP, TEA, THF,
Toluene
Excess
HO OH

Figure 47. Attempted synthesis of 4(4diphenylsilanediyl)bis(oxy))diphenol

A three necked flask with addition funnel, rublsepta, and nitrogen inlet was flame dried
under vacuum and purged with nitrogénmixture of 1.44 g (13 mmol) of hydroquinone, 0.46
mL (3.3 mol) of trimethylamine (TEA), a catalytic amountdsflimethylaminopyridind DMAP)
0.016 g (013 mol), 23 mL oftetrahydrofurar{THF), and 3.3 mL of toluene were introduced into
the threenecked flask. Then 0.35 mL.Glmmol) of dichlorodiphenylsilane diluted with 5rBL
of 7:1 THF: toluene was added into the mixture dropwise while stirring. Thiareatixture was
refluxed for 24 hours at 75 °C. Formed solid was removed from the mixture by filtration and the

filtrate was concentrated by a rotary evaporator.

4.2.6.2 Synthesis of-#lydroxyphenyl Acetate
A protecting group was deemed necessary since the dimihetic route ifrigure47 yielded
a distribution of productsOriginally an ester was considered as a protecting group for

hydroquinoneand4-hydroxyphenyl aceta was synthesize&igure48.

@] (@] o
HOOOH + )J\ )J\ > —
0 Acetic Acid, Toluene o] OH

Excess

Figure 48. Synthesis of-fydroxyphenyl acetate

To a solution of 30 g270mmol) of hydroquinone in 68 mL1(19 mol) of acetic acid, 12.8 mL
(136 mmol) of acetic anhydride wasdded dropwisever the course of five hours whiirring
the solution at 110 °C. The mixtuwas maintained at 12C€ overnightTheacetic acid wathen

removed by rotary evaporation under vacudroluene (136 mL) was added to the reaction
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mixture and tk unreacted excess hydroquinomas filtered and collected’he solvents were
removed by rotary evaporatiofihe product was dissolved in DCM and Wwed with DI water in

a separatory flask. The organic layer containing the product was separated out. the solution was
dried with MgSQ. The MgSQ was removed byacuum filtration. The product was then purified

using a silica column with 1:3 ethyl acetatexane mixturetH NMR in CDCk, ppm:2.27 (3H,

s), 6.73 (2H, m), 6.87 (2H, m).

4.2.6.3 Attempted synthesis ¢Diphenylsilanediyl)bis(oxy))bispienylenepiacetate

Once 4-hydroxyphenyl acetate was synthesizéte following synthesis procedure of the
carboysilane linkage was investigatdelgure49. However, the ester group proved to be unstable
under the conditions required for the synthesis of the carboxysilanedinRadistribution of the
ester group was observed via NMR, with the formation of hydroquiamite 1,4phenylene
diacetatelt is of note however that a catalytic amount of DMAP was used. This was later found
to be unnecessary and detrimental due to thedton of side products. It is possible that the ester
group may be stable during reaction conditions without the presence of DMAP, but this was not
evaluated!H NMR of hydroquinonein CDCk, ppm:6.70 (4H, s).'H NMR of 1,4-phenylene
diacetatén CDCk, ppm:2.30(6H, s),7.10 (4H, s)

O0—Si—0Q

; O
cl—si—cl  + < >
O OH  DMAP, TEA, THF,
Toluene
o) o)
s o

Figure 49: Attempted synthesis of ((diphenylsilanediyl)bis(oxy))bis¢hdnylene) diacetate

A three necked flask with addition funnel, rubber septa, and nitrogen inlet was flame dried
under vacuum and purged with nitrogen. The flask was chilled in an ice water bath. A mixture of
0.3 g (20 mmol) of 4-hydroxyphenyl Acetate, 0.14 ml1 0 nmol) of triethylamine (TEA), 3.5
mL of THF, 0.5 mL of toluene and a catalytic amount of DMAB g (0.04 mmol) were
introduced into the threeecked flask. Then 0.2 mL.(mmol) of dichlorodiphenylsilane diluted
with 3.5 mL THF and 0.5 mL toluene was added dropwise while stirring. The reaction mixture

was stirred overnight at room tesrpture The reagbn mixture was refluxed for an additional 24
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hours at 75 °C. Formed solid was removed from the mixture by filtration and the filtrate was

concentrated by a rotary evaporator.

4.2.6.4 Synthesis ofi&4(benzyloxy)phenoxdiphenylsilane

Due to the instability othe ester group, a different protecting group was needed. A benzyl
protecting group was then investigated.-Bénzyloxyphenol was reacted with
dichlorodiphenylsilane to produce a benzyl protected carboxysifagere 50. This compound
was successfully synthesized. However, it hydrolytically degraded during purification via silica

column chromatography.

ci—si—cl  + Q_\ > 0—Ssi—Q
© OH DMAP, TEA, THF,
Toluene Q p
(o] (o]

Figure 50: Synthesis dbis(4-(benzyloxy)phenoxy)diphenylsilane

A three necked flask with addition funnel, rubber septa, and nitrogen inlet was flame dried
under vacuum and purged with nitrogen. The flask was chilled in an ice water bath. A mixture of
29 (L0 mmol) of 4-benzyloxyphenol,1.4 mL (1.0 mmol) of TEA, 17.5 mL of THEFand 2.5 mL of
toluene were introduced into the thmeecked flask. Thenl1.05 mL 6.0 mmol) of
dichlorodimethylsilane diluted with@#L THF was added into the mixture dropwise while stirring.
After an houra catalytic amount of DMAB.05 g(0.40 mmol) was added dissolved imiL THF.

The reaction mixture was stirred overnight at room tmapire The reaction mixture was refluxed
for an additional 24 hours at 7&. Formed solid was removed from the mixthyefiltration and

the filtrate was concentrated by a rotary evapordkbNMR in CDCk, ppm:4.96 (4H, s), 6.78,
(4H, m), 6.89 (4H, m), 7.31.49 (16H, m), 7.76 (4H, m). Purification was attempted using silica
column chromatography with 1:&hyl acetatehexane. However, a significant amount of 4

benzyloxyphenoivas obtained indicating hydrolytic degradation.

4.3 Results and Discussion

4.3.1.1 Synthesis of Compounds
All analytical characterization supports the formation of the reported compounds. The NMR
and IR for HPOPN agree with literatufé? 222The formation of the COSPN monomer is evident
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in IR by the disappearance of the 3413-Ttr{O-H stretching, fre), and 3324 cm (OH, H

bonded) peaks, and appearance of peaks a®830%ml (S+O-C). The use of excess TEA was
found to be necessary for the formation e®ESi linkages. The yield of BODPS was significantly
improved by the slow addition of reactants,slight excess of -Benzyloxybromobenzene,
sufficient stirring to equalize temperature gradients, and a slow warm up to room temperature. The
addition of excess-BuLi was found to create side products. The NMR spectra for DPSDP agree
with data publishedby Tagle et af?* and Terraza et &F° The cleavage of the benzyl groups of
BODPS or BODSO, to form DPSDP or DPDSO, is observed in IR with the disappearance of peaks
at 10101037 ad 12701288 cm' (alkyl-aryl ether GO stretching), and 1461465 cmt
(methylene @H bending). This corresponds with the appearance of peaks at33200cmt

(broad, Hbonded GH), and 3604 cm (free OH stretching). In'TH NMR (CDCI3), the
disappearare of benzyl peaks at 5.809 ppm is observed. The rate of hydrogenation of the
benzyl groups was found to be significantly accelerated by the addition of ethanol, as compared
with running the reaction in just THF. Occasionally deprotection reactionsntoDdPSDP did not
proceed, yielding only BODPS starting materitilvas assumed this was due to the Pd/C catalyst
being poisoned by sulfur contamination. Reactions ran as expected when precautions were taken
by avoiding rubber septum and the use of reflardensers to isolate rubber nitrogen lines and
hydrogen balloons. Since the BODPS starting material was stable under the reaction conditions, it
was recovered in the event of catalyst poisoning. Product from poisoned reactions was run through
a silica pug prior to running the reaction agairhe formation of the arydryl ether linkage and
addition of the phthalonitrile group to DPSDP to form CSPN, is observed in IR with the
disappearance of peaks at 3ZB0 and 3604 cr) and appearance of peaks a0-897 cm!
(1,2,4trisubstituted benzene-B bending), 12141212 and 1280 crh(aryl-aryl ether), and 2231
2233cm'( CI' N stretching).

4.3.1.2 MeltingPoints

Melting points for synthesized compounds are compared with similar compounds from
literature inTable10. The melting points observed in DSC for BODPS and DPSDP agree with
work by Davidsohn et al. and Tagle et 22“The melting points for COSPN, CSPN, and CSOPN
monomers are comparaktt first generation, highly aromatic phthalonitrilé€s*?6 CSPN was
also recently reported by Terraza e®®alk is interesting to note, that while NMR spectra agree
with the published data, Terraza et al. reports the melting point of CSPN to be 0@8y°@L It
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is currently unclear where the dispancy lies However, given the melting points of similar
compounds reported in this paper and in literature, as well as theloeelnented difference
between melting points of similar dimethyl and diphenyl silane compounds, the value of 223 °C
appearsd be more reasonabi&’; 224225, 230231

Melting points are extremelylifficult to predict due to complex interactions and large
differences in crystal structures resulting from small changes in chemical stri¢tdosveer,
overall trends are often apparent when comparing similar molecules. In gemeltalg point
decreases withncreasing flexibility of linkages. For examplggcreasing phenyl substitution on
the siliconleads to decreased stehindrance andthus more flexible linkages and lower melting
points Dimethyl substitded compounds ifable10melt at >40 °C lower than the corresponding
diphenylsubstituted comounds.If the CSPN monomer is compared with its metsybstituted
analogue (compound F ifable 10) a decrease in the melting point of 130 °C isepbsd with
methylsubstitution. Likewise, the CSOPN monomer may be compared with wddktgvakov
et al>>who synthesized the corresponding messtituted compoun@ompound G iriTable
10). A T4 of only 4 °C was reported for this tetramethyldiphedigiloxanecontaining
phthalonitrile A melting point was not reported for this compou@dmparing COSPN and CSPN
monomers, the addin of -O- into the backbone between the silicon and carbon lowered the
melting point by 50 °C. It is of nehowever, that the COSPN monomer was obtained at only 80%
purity. The true melting point of the purified compound is likely higher, and thus tleeetite
smaller.The hexaphenyldisiloxane linkage in CSOPN decreased the melting point by 30 °C, as
compared the tetraphenylsilane linkage CSPN. However, this effect was smaller in DPDSO and
not observed in the case of BODSIe bisphenol compounds (DPSDP, DPDSO, compound C)
have high melting points due to hydrogen bonding. When the phthalonitrile group is attached, the
melting point decreases by3® °C for diphenytsubstituted compounds (CSPN and CSOPN) and
80°C for the dimethytsubstituted compound F, as compared with their corresponding bisphenols.
Compared with phenoxy erghpped compounds D and E, thgid nitrile groups increase the
melting point by 2660 °C. When the ©®SPN monomer is compared with work by Babkin éfal
(compound A inTable10), the further addition of enethylene linkage to the backbone between

the oxygen and carbon, resulted ingoffonly 27 °C. A melting point was not reported.
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Table10: Melting points of synthesized asélectediterature compounds

Compound Structure mp/Tg, °C Reference
HO—@—O
HOPOPN = 150-152 This Work, Liu 223
\\N
CSOPN N;>©\D/©‘5°\©\0J@<N 168169 This Work
A mgg ) /@i 27 (Ty) Babkin 52
Dt E; Yy . This Work,
BODPS - @Q 142-150 Davidsohr?®
B a0 s Wa Wl 109110 Davidsohr?:®
v’ \Q o ) This Work,
DPSDP - @U 221-229 Davidsohr?®
C vo—{ g~ )on 171-174 Davidsohr?1®
D d%\}g’\ o 162163 Gilman23°
W
|
E O OO @ 68-69 Olin-Mathieson?3!
CSPN ~ @Q@ . 223 This Work
» Q
-4~
F == = 89191 Terraza®
BODSO Ch@éig@f@ 164 This Work
DPDSO @2%@ 217 This Work
CSOPN N @©®@ S 190191 This Work
_ p{)}—slro—s‘\Ofo
G -~ O 4 (To) Dzhevakows
Ndf Y
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4.3.1.3 Stability of Compounds

The COSPN monomer showed a high sensitivity to hydroliysitie presence of moisture, the
Si-O-C bond cleaved to produce-SH compounds and HOPOPN starting mateAéter storing
samples in ambient conditions for several days, degradation of the COSPN monomer was observed
via NMR with the reappearance of HOPMRDRCOSPN samples stored in a desiccator for 1 year
showed emergence afsharp melting transition around 150 °C, also indicating the formation of
HOPOPN. This was confirmed VRETIR with the appearance of broad a OH band at 3150
cml,

Due to its hydolytic instability, purification of the COSPN compound proved difficult.
Sublimation was attempted, but decomposition of the compound was observed prior to
evaporation. To evaluate the possibility of running a silica column on the COSPN monomer, TLC
plateswere dried at 100 °C for 48 hours. TLC plates were run with anhydrous solvents in a glove
box under nitrogen, however degradation of the COSPN compound was still observed. Similar
degradation was observed when purification was attempted.®@ldV. Given pocedures
developedaterfor CSPN and CSOPN monomers, it is possible that purification of the COSPN
monomer could be accomplished with recrystallization in dry acetonitrile or toluene under
nitrogen, however this was not attempted.

Theseresuls agreewith recently published findings by Dzhevakov e®a@Bulgakov et af°
and Babkin et al® Degradation of similar compoundscurredon silica and alumina TLC plates,
as well as in ambient humidity, both in solution and in the solid state. It was reported that steric
hindrance by phenyl grospalone does not sufficiently stabilize theGsC linkage. Hydrolytic
stability was improved by addition of a methylene linkage; this is however considered detrimental
for thermal stability. Results by Cella and RubinsZfaindicate that further steric hindrance by
the addition of functional groups on the phenylene rings may stabilize the linkage, but may also
result in a higher degree ogidity and thus higher melting points.

In contrast to phthalonitriles with carboxysilane linkages, including COSPN and compounds
reported in literaturé® 5 "°the CSPN and CSOPN monomers show no hydrolytic sensitivity,
allowing for aqueous wotp. The corresponding benzytotected precursors, BODPS and
BODSO, also didchot exhibit any sensitivity towards hydrolysis. The-pienols DPSDP and
DPDSO were observed to degrade slowly when stored at room temperature and ambient

conditions. While thislegradation may be somewhat explained by hydroaidlyzed degradation
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of Si-C bonds, the stability of these compounds improved substantially when highly pure and

stored in dark, moistusigee conditions.

4.4 Summary and Conclusions

Synthesis and purificatioprocedures were developed, and three monomers and their precursors
were produced in high yields. These compounds include four novel compounds not previously
published to the authors knowledge. Additional characterization information is included for
compainds already present in literature. Carboxysilane compounds showed high sensitivity to
water and thus are not commercially viable. The carbosilane and carbosiloxane compounds
showed no hydrolytic sensitivity. Increasing phenyl substitution on the siksoifted in increased
steric hindrance and thus increased melting points, yet is expected to also result in increased
thermal and oxidative stability. Melting points for all three monomers were in the range-of first
generation, highlaromatic phthalonittes. & ?¥2® This is not ideal since it requires a higher
processing temperature, and results in a smaller processidgwvin addition, the melting points
for all three monomers are significantly higher than reportedlfoors-containng phthalonitriles
in literature, which report glass transitions in the rangd @b 30°C 3% 5253 " or melting points
in the range of 35 to 9C. & 5 >However, these literature compounds contain either methyl
functional groups on the silicon or a methylene bridge, which have been reported as detrimental
to thermal and oxidative stability.
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5 Processing and Characterization oS4athesized Carboxgsie and
Carbosilane Phthalonitriles

5.1 Introduction

This chapter covers processing and characterization of tsgyn#sesized carboxysilane
(COSPN) and carbosilane (CSPN) resins following procedures in Ch&fnthetic Procedures
for Silicon-Containing Phthalonitrile Monomerghe structures of COSPN and CSPN monomers
are repoduced below for conveniencekigure51 andFigure52. These asynthesizednaterials
are given-UbheAsslubbk e qife nétProaessiagantd Elraractefizhtiagh t e r
Purified CSPN and CSOPN Materiatevers processing and characterization carbosilane and
carbosiloxane phthalonitriles of high purity. Due to its hydrolytic sensitivity, only limited
processing and characterization of the ofddudoxysilaneCOSPNU) monomer was performed,

and the highlypurified monomer was not evaluated.

o AP
peBer aoNe iy it Q-

Figure 51. CarboxysilanePhthalonitrile _ _ o
(COSPN) Monomer. Figure 52: CarbosilanePhthalonitrile

(CSPN) Monomer.

CSPN and COSPN monomer/catalyst mixtures were prepared and duredrovide
information related to processingpnomers and prpolymers were evaluated using differential
scanning calorimetryparallel platerheology, thermogravimetric analysis, and Feutransform
infrared spectroscopy. The glass transition of cured polymer samples was characterized by
dynamic mechanical analysis, thermomechanical analysis, and differential scanning calorimetry.
The linear coefficient of thermal expansion was measuadg thermomechanical analysis.
Thermal stability was evaluated using thermomechanical analysis. Fourier transform infrared
(FTIR) spectroscopy of evolved gases from thermomechanical analysis provided insight into

degradation reactions.
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5.2 Experimental

5.2.1 Materials and Methods

Bis(4-(4-aminophenoxy)phenyl)sulfon@-BAPS, >98%) was purchased from TCI America.
A model 10444 (30 ton) Wabash hydraulic press was used to compression mold resin plaques.
Differential scanning calorimetry (DSC) was conducted usinghdnBtruments Q1000 with a
ramp rate of 5 °C/min. Fourier transform infrared (FTIR) spectroscopy was conducted using a
Thermo Scientific Nicolet 6700 with Spectra Tech Inc. attenuated total reflection (ATR) and
Thermo Electron Corp. TGA/FIR accessoriesRarallel plate rheology and torsional dynamic
mechanical analysis (DMA) were performed on a TA Instruments Ares G2 with a ramp rate of 5
°C/min. Thermogravimetric analysis (TGA) of powder samples in air and nitrogen was performed
using a TA Instruments QB0r Q50, with a ramp rate of 10 °C/min and a flow rate of 90 mL/min.
A TA Instruments Q400 was used for thermomechanical analysis (TMA) with a ramp rate of 5

°C/min. Panels were-scanned at AFRL/RXAS, Wright Patterson Air Force Base.

5.2.2 Preparation of Mononer-Catalyst Mixtures and Pr&olymer Bstaged Resins

The processing profile for COSPWMIresins is given ifrigure53. A catalytic amount (4 wt. %)
of p-BAPS was added to the COSPN monomer. The mixture was then dissolved in anhydrous THF
and cast into aluminum weighing boats. COSPN monomer samples were then placed in an oven
under nitrogen at 110 °C for 3.5 hours to remove the THIE. samples were thelegassed by
slowly increasing temperature up to 200 °C under vacuum over three hours.

A slightly different profile was used for CSPMlsamplesFigure54. This was due the differing
reactivity, lack of hydrolytic sensitivity, and higher melting point of the C&P’onomer.
CSPNU monomer samples were added to a Téffelined aluminum weighindpoat and placed
in an oven at 190 °C under nitrogen atmosphere. Temperature was increased, and the monomer
was melted at 210 °C. To the melt, was addédm. % of the catalygi-BAPS. The mixture was
stirred for two minutes. Vacuum was applied, andrden was degassed angtaged for 30
minutes at 22230 °C.A sample was removed for characterization. The -meting approach
was chosen since it was the standard in literdtdf@ther mixingmethods produced comparable
results including: 1) dry mixing the monomer and catalyst powders and melting the mixture and
2) dissolving the monomer and catalyst in DCM/Chloroform (1:1), removing the solvents by rotary
evaporation, degassing the mixture endacuum at 25 °C for 4 hours, 100 °C for 30 minutes, and
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220230 °C for 30 minutes. To increase the viscosity further for rheology and compression
molding, CSPNU pre-polymer mixtures were heated under nitrogen to 230 °C for an additional
30 minutes, fdbwed by 2406250 °C for thirty minutes. The resin was allowed to cool to room

temperature in a desiccator.

Melt, Degas, B-Stage 200 °C

Vacuum
30 °C/ Hr.
Nitrogen
110°C, Nitrogen

210 Min. (3.5 Hr) 375 °C
Curing, Post-Curing 240 Min. (4 Hr)
Nitrogen
350 °C,
240 Min. (4 Hr.)
Nitrogen
300 °C,
240 Min. (4 Hr.)

200°C

Figure 53: Processing profile for COSRN resins with 4 wt. %BAPS.

Melt, Degas, B-Stage Nitrogen
Vacuum Nitrogen / 245-260 °C,
Vacuum 220-230 °C, 220-230 °C, 90 Min.
Vacuum 210°C, 30 Min. 30 Min.
10 Min.
190-200 °C 730-750 Psi
. . 350 °C,
Curing, Post-Curing 240 Min. (4Hr)
310-330 Psi
300 °C,
240 Min. (4Hr.)
260°C,
10 Min. Some samples cured for additional time at 375 °C, free standing in nitrogen oven

Figure 54: Processing prble for CSPNU resins with 46 wt. % pBAPS.
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5.2.3 Fabrication of Cured Samples

COSPNU samples were then cured under nitrogen at 300 °C for four hours, 350 °C for four
hours, and 375 °C for four hours. The cured COSPN samples were then brokemgrguaddor
TGA and DSC measuremenEBgure55.

Figure 55: Cured COSPMNJ polymer, as castright) and groundlgft).

To fabricate CSPN polymer samples, thepre | ymer resin was placed i
30 x 1/ 80 steel mol d wapBAPSdwhot et he2parelRowk
used for the panel with 4 wt. %. The mold was placed in a hydraulic press at 275 °C and heated at
300 °C for four hours (1370 psi). A sample was removed fdracacterization. The plaque was
placed back in the press and cured at 350 °C for four hours (290 psi). The polymer panel was then
allowed to cool to room temperature. To determine porosity content and distribution, the panel
then was escanned. A wet sawag then used to cut the plague into samples for DMA, TMA, and
TOS. After cutting, some samples were then further cured under nitrogen at 375 “€Houdks.

All samples were dried under vacuum at 100 °C for three days and stored in a desiccator prior to

characterization.

5.3 Results and Discussion

5.3.1 DSC of MonomerCuring Exotherms
In DSC, COSPN monomer without any curing additive exhibited a small exoth&®d aC

Figure56. This may be attributed to a curing reaction catalyzed by hydroxyl groups present in
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impurities or hydrolytic degradation productfie COSPNUJ/p-BAPS mixtures exhibited melting
endotherms between 1-3568 °C. Exothermic peaks occurreetween around 26577 °C. These
exothermic peaks likely correspond to curing reactions and the peak values are consistent with

those reported in phthalonitrile literatufe?? 13°

| | | |
—— COSPN-U_No_Catalyst

COSPN-U_4wt.% p-BAPS

v

o DN

Heat Flow (mW)
AR

0 50 100 150 200 250 300 350 400 450 500
Temperature {C)

Figure 56: DSC in nitrogen of COSPN neat resin and COSPN with 4 wtBARS mixture.

Figure57 provides DSC data in nitrogen for the CSBNnmonomer, monomer with 4 wt. %6
BAPS (dry mixed), and monomerbaps mixture after4staging to 220C. All three exhibited
inflections/endotherms in the range of-BB0 °C. The removal of absorbed moistulikely
contributes to this endothertdowever,monomem-BAPS mixture after bstagingalso exhibited
aninflection at this poinduring cooling. Thus, likely also corresponds to a glass transitibine
endotherm at 177 °C and exotherm at 185 °C observed in the-O3RMomer withoup-BAPS,
is possibly due to an impuritpr a glass transition followed by crystallization prior to melting
The assynthewed CSPNU monomer melted at 26808 °C. Pure Bis(44-
aminophenoxy)phenyl)sulfonp-BAPS) melts at 19498 °C, and is evident as a small endotherm
overlapping with the CSPN melting endotherrd® CSPNU monomers with 4 wt. %-BAPS
exhibited anexotherm at265 °C corresponding to the curing reacttort® 3¥°The melting
endotherms and curing exotherm disappeaited melting, degassing, anesbaging to 220C for
30 minutes. A very small exotherm was present at @50likely corresponding to a curing

reaction. This reaction may be a second curing reaction, or residual of the reaction observed at 265
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°C but shifted to higher temperatures due to increased siiedcancefrom crosslinking.No

degradation exotherm was observed up to 400 °C under nitrogen.

0

-1
= ~
3 2 T
e A A s e
o
T -5
Q
T .6 ——CSPN-U-uncured \

7 CSPN-U+4 wt.% p-Baps-uncured \J

————— CSPN-U+4 wt.% p-Baps-BStage-2209C
0 50 100 150 200 250 300 350 400

Temperature {C)

Figure57: DSC in nitrogen of CSPN monomer, monomer with 4 wt.%BAPS (dry mixed),
and monomerAbpaps mixture after4staging to220 °C.

5.3.2 Rheology of CSPN Resin

Rheology was performed on CSRNsamples after degassing to 210 °C and again after b
staging at 220 °C. Results are givelrigure58, Figure59, andTablell. Degasing was required
to remove volatile products and achieve useful viscosity Gatflening began at 130 °@fter
degassing, the viscosity decreased toc53Pa*s between 25200 °C. After bstaging, the
viscosity reached a minimum of 10 Pa*s betweeb+220 °C before increasing. While the CSPN
monomer showed a smaller processing window than second generation phthalonitriles the material
may still be processed effectivelghe very low viscosities, on par with other phthalonitrile resins,
facilitate pro@ssing by norautoclave processing techniqiégurthermore, the ability to increase
the viscosityis critical in facilitating various processing techniques, including autoclave and hot
pressing methods. These results agree with work by Kellebaminguez?® who demonstrated
that the viscosity of phthalonitriles can be precisely tailored by changing the curing additive

content and {staging conditions.
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Figure 58: Example rheology curve of CSRNwith 4wt.% p-BAPS, after degassirig 210 °C.
The ramp rate was 5 °C/min.
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Figure 59: Example rheology curve of CSRINwith 4wt.% p-BAPS, after kstaging at 220 °C
for 1 hour. The ramp rate was 5 °C/min.

Tablel1l: Viscosity and processingindow information for CSPNJ with 4 wt. % pBAPS

=iy Sanslianii Min. Complex Viscosity Temperqture _Rang_e (°C) fo
(Pas) Min. Viscosity
Degas to 210 °C 0.30.4 256-288
Degas to 210 °C 220 =CHr 10.011.0 207-222

138



5.3.3 TGA stability of CSPMonomer

Figure60 provides TGA data in nitrogen for CSRINmonomer mixed with 4 wt. 4-BAPS.
The asmixed monomep-BAPS resin exhibited multiple wehgjloss peaks in the range of-800
°C, most likely from the volatilization of impurities and absorbed moisture. After degassing and
b-staging up to 220 °C for 30 minutes, the resin shows no appreciable weight loss up to 300 °C.
This data indicates thatedassing and-btaging is required to improve stability and remove
volatile products that would lead to porosity. Thetaged resin exhibited high thermal stability
with 5% weight loss at 416 °C. Thus, substantial degradation was not expected at tegiqyoce
temperatures of 25800 °C.

120 - 0.6
100 - 05
- 04 8
80 S
© Uncured, 4 wt. % p-BAPS - 0.3 %
< 60 B-stage 220 °C, 4 wt. % p-BAPS ©
= - 02 =
40 - 01 2
il
20 —_— -0
0 - -0.1
0 100 200 300 400 500

Temperature {C)

Figure 60: TGA data in nitrogen of CSRN with 4 wt. % pBAPS, uncured monomer and after
degassing and-btaging to 220 °C. The uncured resin shows multiple derivative weight loss
peaks in the nage of 86300 °C and had lost 13% weight by 300 T@ese losseare likely due
to absorbed moisture and volatilization of impuritias 306400 °C, the uncured anddiaged
resin have similar slopes.

5.3.4 FTIR of Monomers and Polymers

The FTIR spectra of COSRU uncured monomer, pigolymer with 4 wt.%p-BAPS bstaged
to 200 °C, and polymer with 4 wt.%BAPS cured to 375 °C is given Figure61l. Compared
with the uncured monomer, thesbkaged prgoolymer exhibits peaks at 1010@20,1500 and 1610
cmit corresponding tisoindoline or phthalocyanine structures. After curing at 375 °C for 4 hours,
peaks afl356:1360 and 1530 crhcorresponding to triazinesa appear 1> %°
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Figure 61 FTIR spectra of COSPN uncured monomer, pfgolymer with 4 wt.% {BAPS b
staged to 200 °C, and polymer with 4 wt.9BAPS cured to 375 °C. The nitrile peak diminishes
with additional curing.

Figure62 provides theFTIR spectra of the CSRN monomer and polymers with\gt.% p-
BAPS cured to 350 °C for 4 hours and 375 °€G@ hours.After hotpressing at 350 °C for 4
hours, CSPNJ polymers showed the formation of triazine with the appearance of characteristic
peaks at 1356360 cm' and 15201532 cm'.> 1> % Peaks at 1580590 cm! could plausibly
correspond to isoindoline or phthalocyanine structures. Peaks ustrébiytad to phthalocyanine
at 10151016 cm! overlap with peaks present in the monomer. However, the gptaek color
observed in cured samples indicated that some phthalocyanine formation is Hikeire 63
illustrates triazine and phthalocyanine structures formed during the curing of the \C &#3hh.
Additional curing at 375 °C for-B hours did not result in substantial changes in the IR spectra,

indicating that no substantial degradation occurred duringquostg up to 375 °C.
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Figure 62 FTIR spectra of CSPM uncured monomer and after curing to 350°C for 4 hours
and 375 °C for @ hours. The formation of triazinegks is evident in cured polymers.
Isoindoline and phthalocyanine peaks overlap with peaks present in the monomer. No significant
differences in spectra were observed for cured polymers.
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Figure 63: Triazine and phthalocyaninerfmation from curing reactions of nitrile groups in
CSPN resin.
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5.3.5 CSPMNJ Panel Fabrication

CSPNU prepolymerswere degased and patrtially curé to a rubbery state prior to hot
pressing.This was necessary order toavoid porosity and prevent the resin from flowing out of
the moldby increasing the viscositjpuring degassing anddiaging up to 250 °C the CSRN
pre-polymers lost approximately 10 % weight. Both 4 and 6 wt. % compositions showed gelation
times of around 30ninutes at 250 °C. CSRN polymer panels were then fabricated by hot
pressing. The results are providedable12. Both panels showed good qualiatstrength. The
acoustic escan data provides a density map of each panel. The 4 wt. % panel exhibited more
porosity than the 6 wt. % panel, however this may be due to slight differences in processing
conditions. The density map was used to select afgaasonable density for oxidative stability,
TMA, and DMA specimens.

Table12 CSPNU polymer panels heressed to 350 °C for 4 hours. Red and white areas

indicate high density.
p-BAPS Panel Size Panel Images C-Scan Density M@

By o

-

A Peal

i m—
| !

CSPNU| 7)1 g3 0 % 3| |
!

"

CSPN-U 547%.2/;:%2 s . s |
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5.3.6 DSC of Cured Polymers
The DSC data in nitrogen for COSRNcured to 375 °C for 4 hours is providedrigure64.

No obvious glass transition was observed. The initiatiodegfradation was observed with an
increase in slope beginning at 395 °C.

. Helat FIovy (mW)I
1 SA') 1 !\J 1 !A 1 .o .o
AN oow o dNOa P o1 ©O 01

&
ol

o

50 100 150 200 250 300 350 400 450 500
Temperature {C)

Figure 64: DSC of COSPMNJ cured polymer powder in nitrogen. No distinct glass transition is
evident.

Figure65 provides DSC data in nitrogen for CSRNcured to 350 °C for 4 hours followed by
375 °C for 03 hours. Aglass transition (J) was evident at 344 °C for CSPBICured to 350 °C
for 4 hours (375 °00 hours). After curing to 375 °C ford hours, the glass transition disappeared,
either due to a decrease in magnitude or due to lodisgured by the onset of degradatibhe
onset of degradation was observed with an exothermic increase beginning4204°X0. Thus,
different curing times did not result in significant differences in the onset of degradation but did
affect the glass transition temperatUfyure66 provides DSC data for cured CSRNpolymers

in air. As compared with nitrogen, the onset of degradation shifts lower {28750C.
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Figure 65: DSC of CSPMNJ cured powders (6 wt. %BAPS)in nitrogen. A Fat 344 °C was
evident for CSPN cured to 350 °C/4 hours.
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Figure 66: DSC of CSPMNJ cured powders (6 wt. %BAPS) in Air. The Onset of Degradation
OccursMuch Earlier Than in Nitrogen.

5.3.7 DMA of Cured CSPN Polymers
Figure67, Figure68, andFigure69 provide DMA information for CSPNJ cured to 375 °C
for 0, 1, and 3 hours respectively with 6 wt. BAPS. The glass transition, as taken by the

inflection of the storage modulus (G6) was o0bs
additional curing at 375 °C for 1 and 3 hours tlén€reased to 310 and 324 °C respectively.
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Figure 67. DMA of CSPNU cured to 350 °C for 4 hours. The glass transition from inflection of
the storage modulus was observed at 287 °C. The loss modulus and loss tangent exhibited peaks

Storage or Loss Modulus (Pa)

at 307 °C, and 349 °C.
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Figure 68 DMA of CSPNU cured to 375 °C for 1 hour. The glass transition from inflection of
the storage modulus was observed at 310 °C. The loss modulus and loss tangent exhibited peaks

at 319 °C, and 373 °C.
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Figure 69: DMA of CSPNU cured to 375 °C for 3 hours. The glass transition from inflection of
the storage modulus was observed at 324 °C. The loss modulus and loss tangent exhibited peaks
at 322 °C, and 375 °C.

5.3.8 TMA of Cured CSPN Polymenrsd CTE Information

TMA curves for CSPNJ cured polymers with 6 wt. 9%-BAPS are given irFigure70. The
glass transition onsets and midpoints werentified as the peaks in the second and first
derivatives, respectivelSPNU cured to 350 °C/ 4 hours had gohset at 307 °C and a midpoint
of 329 °C.With increasing posturing time at 375 °C, transitions became smaller and more
difficult to define h TMA, eventually disappearing entireM¢hen cured for an additional hour at
375 °C, CSPNJ showed an onset of the glass transition at 335 °C and midpoint at 390 °C. The

glass transition disappeared after curing for 3 hours at 375 °C.

The coefficient ofthermal expansion (CTHE¥ not often reported for phthalonitriles but is
critical in designing components with these materials. The Wd¥defined as the slope between
50-200 °C in TMA data, normalized by the sample thickn€kss data is given ikigure71 The
CTE of CSPN samples cured to 350 °C for 4 hours, was observed in the r@dge bAum/(m
°C). The CTE decreased6 + 1.5um/(m °C),74 £ 1.4um/(m °C), and/3 = 0.9um/(m °C) afte
additional curing to 375 °C for 1, 2, and 3 hours respectively. These values are higher than
observed for othgohthalonitrile systems (460 um/(m °C))%® 22 This difference may be due to

increased free volume from the inclusion egdinkages.
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Figure 70: Example TMA curves of CSRMsamples (6.35 mm x 6.35 mm x 3.3 mm thick) cured
to 350 °C for 4 hours and 375 °C for3houss.
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Figure 71:TheCTE from TMA (5200 °C) for CSPNJ samples cured to 350 °C for 4 hours,
and 0, 1, or 3 hours at 375 °C.

5.3.9 Summary of CSPN Glass Transition Measurements

A summary of glass transition information for CSBNsampés with 6wt. % p-BAPS, is
provided inFigure72. Since glass transitions disappeared in DSC and TMA with additional curing
at 375 °C, DMA proved a much more reliable method of measuringgthEh& Tg of CSPNU
polymers was observed to bethe range of 28824 °C.This glass transition temperature is
slightly lower than other phthalonitriles reported in literature, likely due in part to the inclusion of
silicon-containing linkage&.1® 24 28\/hile the dfect of silicon moieties on glass transition is well

known and substantial information exists on the inclusion of siloxane linkages, less literature is
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available on the inclusion of phepgtibstituted silanes into polymers with high glass transition
temperature8,30 44°0-54.63, 170, 204rhe glass transitions observed for CSBMre as high or higher

than other phenydubstituted silane or oxysilane polymé&ts>: 63. 170,204
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Figure 72: Glass transition of CSPN cured at 350 for 4 hours and 378C for an additional 0
3 hours. The Jincreased slightly with posturing time at 375C. Transitions became more
difficult to define in DSC and TMA with increasing curing time.

5.3.10 Thermal and Thermeoxidative Stability of Cured Polymers
5.3.10.1TGA of CSPWM Polymers

Thermogravimetric analysis was perfornieair and nitrogen on CSRN polymersRepeated
trials with the same material batch and processing conditghsyed standard deviations in the
range of £ 5 °C for 5 % weight losss¢) and 10 % weight loss (dw%) values and = 0.5 weight %
for the residal weight at 1000 °CA comparison of the TGA behavior in nitrogen for CSBN
with 6 wt. %p-BAPS,cured to maximum temperatures of 300 °C and 350 °C is providagure
73. The thermal stability was significantly improved after curing to 350 °C. CSehred to 300
°C for 4 hours showed a degradation peak at 466Th3 degradation peak disappeareiden

curedfor an additional 4 hours at 350.°C
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Figure 73: TGA under nitrogen of CSRN cured to 300 °C for 4 hours and after curing an
additional 350 °C for 4 hours. The sample cured to 300 °C for 4 hours exhibited 5 % and 10 %
weight losses at 451 and 498 °C respectively. After curing an additional 4 hours at 350 °C, the 5
% and 10 % weight loss values improved to 512G 553 °C respectively.

Figure74 andFigure75 provide TGA data for powder samples in nitrogen andavéir 6 wit.

% p-BAPS. Little change was observed in therrstdbility and thermapxidative stability after
additional posturing to375 °C for 13 hours. In nitrogen, degradation peaks were evident in the
derivative weight loss curves with overlapping peaks atZB°C and 58®85 °C and a small
peak at 716/20°C. In air three degradation peaks were observed a5%30C, 576580 °C, and
635650 °C. These degradations are examined in more detail in the following section en FTIR
TGA.

Figure76 andFigure77 compare TGA curves for CSPW cured to 350 °C for 4 hours with
either 4 or 6 wt. %-BAPS in nitrogen and air respectively. nitrogen, CSPNJ with 4 wt. %
showed slightly better initial wght retention buéxhibiteda lower char yield. With a decrease in
p-BAPS content from 6 to 4 wt. %, the primary degradation peak shifted from 580 °C to 610 °C.
In air, the magnitude of the second and third degradation peaks changed slightly, however the

weight loss curves were nearly identical.
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Figure 74: TGA data in N for CSPNU with 6 wt. % pBAPScured to 350 °C for 4 hours with
additional curing at 375 °C for-B hours.

100 -———*—-——-N

600
Temperature {C)

Figure 75. TGA data in ai for CSPNU with 6 wt. % pBAPS cured to 350 °C for 4 hours with
additional curing at 375 °C-B hours.
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Figure 76. TGA data in nitrogen for CSRN cured to 350 °C for 4 hours withot 6 wt. % p

BAPS.
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Figure 77: TGA data in air for CSPMNJ cured to 350 °C for 4 hours with 4 and 6 wt. 9BAPS.

5.3.10.2TGA of COSRINPolymer
The TGA weight loss and derivative weight loss data for CO8RNnitrogen and air is given
in Figure 78. Degradation peaks at 530, 590, and 710 °C were evident in the derivative weight

curves in nitrogen. In air, degradation peaks in the derivative weight curves were observed at 540,
600, and 85 °C.
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Figure 78 TGA of COSPMNJ polymers cured to 375 °C for 4 hours in air and nitrogen.

5.3.10.3Comparison of Thermogravimetric Data for C&$BNd CSRN Polymers

Table13 provides TGA data in air and nitrogen for cured COSPBEnd CSPMNJ in air and
nitrogen. The observed values for 5 % and 10 % weight losses were in the range of that observed
for other phthalonitrile resins reged in literature: 24 132 2390verall CSPN polymers were more
stable than COSPN. This may be due to the structure of the polymer but could also be influenced
by differences in purity level, nature of impurities, hydrolytic degradation, and processing
conditions. For both chemistriedegradation occurred earlier in air than in nitrogéme CSPN
U 300 °C trial and the COSPW trials were only run to 800 °C, so char yields at 1000 °C are not
included.The char yield in nitrogen at for 780 °C was approximately equal for COSPN and CSPN
resins.In air the char yield at 780 °C was higher for COSPNChar yields of CSPN monomers
at 1000 °C in air were in the range of 7®85 wt. %.The char yields for organgghthalonitrile
polymersin air at 1000 °C are generally close to 0 wt. %. A toegtimate of the char yield of

these organosilicon monomers can be determined using

Equationl. This assumes no volatilization of siliceontaining oligomers and that all silicon
in the monomer reacts with oxygen torfosiO,. Using equation 1 and theoretical weight percent
of silicon (100 % monomer purity), the predicted char yields for COSPN and CSPN materials are
9.20 and 9.67 wt. % respectively. The predicted value for CSPN is within 20% error of all
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