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Abstract

Research in materials science field is often driven by the necessity to
overcome problems in fast, reliable and possibly cost efieldtare/ wemes the
starting point to find a solution is a literature survey, to understand if someone
already encourge a similar problem and proposed an answer, or if some authors
developed a material that can be used to solve the issue. The work performed within
this thesis however fits in another type of approach, i.e. research for the research's
sake.

In this kindf @pproach the efforts are not dedicated directly to solve a given,
precise and detailed problem, but to invent and develop new types of materials,
characterizing them so that other researchers can take benefits from both the
synthetic way and the meaguogzbrties of the new material produced.

In particular, this PhD thesis deals with the combination of two "exotic" class of
materials, which are aerogels and polymer derived ceramics.

Aerogel is actually a shape, more than a material, from the maper chem
point of view. This kind of slaayysvayis so peculiar that many of the properties
are common to all the aerogels' graiotlarly to what happen for other class of
materials like conductivity for metals, hardness for cerdngcspauific
strengthfor polymers. These common properties are: low density, high specific
surface and predominantly mesoporous microstructure.

Polymer derived ceramic (PDC) denotes a family of ceramic materials that can
be obtained by a controlled thermolysislgiarie precursor. These polymers
are usually Si based and contain functional groups that allow to control the final
chemistry of the ceramic produced, along with the great advantage that the shape
can be set already in the polymeric state.

Successfuligombining the two techniques, i.e. to produce polymer derived
ceramic aerogel, is the core of this thesis.

Preference was given to the use of commercially avaikl@ipre
polymers so ceramic aerogels belonging to the SIOCN system were produced,
staring from polycarbosilane (S8)P polysilazane (PEY and polysiloxane
(PMHS).

A reliable procedure was set up to produce aerogels with different composition
and microstructure, leading to a wide range of properties in terms of density, specific
surfacehigh temperature stability, electrochemical functionality etc., as will be better
depicted through the thesis.

Additionally, some application of the materials produced were tested, in which
the aerogel shapsombined with the proper chemistsy expeéed to give
interesting results.
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Chapter |

Introduction

1.1 Aerogels

Aerogels are highly porous materials, in which the volume is occupied for the most
part by small, open and highly interconnected pores. These pores are sub
micrometric and therefore cannot be seen at naked eye, the material appears indeed
very homogenousdzolid even though it's usually made of air by more than 90%

in volume. The first, and most known, aerogel type is the silica one; produced in
1931 by S. S. Kisfidand made of pure amorphous silica. Thesé agveds

are transparent with a typical blue nuance when observed on dark background, due
to Rayleigh scattering of the light, as can be apprfegiagetl.in

S —————

"/
5 /E;y N
Figurel-1: Silica aerogel disk produced agference

Many other types of aerogels were produced after the pioneer work of Kistler, with
research devoted to both changing the chemistry of the solid part and to modify the
drying route. Up to now, metal oxides, carbides, nitrides and chalacagenides, alo
with organic and carbonaceous aerogels were produced and studied. An interesting
handbook reassuming most of the aerogel synthetic ways, properties and
applicati@was edited in 20[2} it should be noted that at thatriongolymer

derived ceramics aerogels were mentioned, siaznthgebeerproduced.



1.1.1 Production

Many different ways are proposed in litergtodutaaerogel materials, with

some effordevoted to study the gel formation pathway and many others focused
on modifying the drying proceligieed two main steps can be defined in the
production of an aerogel, the gel formation and its drying.

1.1.1.1 Gel formation

To produce metal oxides gels at leasothesgre well studied, all of them taking
advantage of tteoft chemistrgrocess that enables the processing of solid
materials at room temperature from a liquid phase.

The oldest technique is using aorotditsodium metasilicateSikg in water.

The water is acidified with HCI, and the sodium metasilicate reacts producing NaCl
and Sietrough the reaction:

0™Yd; + 2o+ QL © 20 (Ha+ ", + ®+ 1 'GO.

The water produced, and the @salalpresent in the starting solution, is used to
control the porosity of the gel, while the silica builds the solid skeleton creating the
gel structure. This route is very cheap since all the chemicals are widely available but
needs long processing tohne, to the necessity of removing first the NaCl ions
through multiple washing with deionized water, followed by a substitution of the
water with alcohol or acetone to perform the supercritical drying. It has mostly an
historical importance since it wgwdbess used by Kistler to produce the first
aerogels.

A more widely applied route is tlyelsohe, that takes advantage of metal
alkoxides as metal oxides precursors. The synthesis starts with the hydrolysis of the
metal alkoxide as in:

0 GY+QE0 0 5O+ YO

that is usually promoted by acids and performed in diluted condition using the same
alcohol that will be produced by the hydrolysis reaction. Further, the metal hydroxide
can condense:

0 00+060C DO°0 0O 0+Q0

producing the metaide solid phase, that usually is in form of colloidal particles
suspended in the liquid phadesn the concentration of the colloidal particles is
sufficiently high a continuous solid skeleton is built, producing the typical colloidal gel
structure.



Thelast method, named epanxidiatedor-assistedyelation, uses a solution of

metal salts, like chloride or nitrate, and initiate the formation of the metal oxide with a
proton scavenger, commonly an organic epoxide. The pH increase leads to the
subsegent formation of the metal hydroxide and, later on, to the metal oxide, very
similarly to what happens in the classisirsate. The main difference from the
classical sgkel technique is the starting precursor, that being a simple metal salt
openthe possibility to produce gels of netalyorides, whose alkoxides may be
hardhavailable.

Some other routes to metal sulphides and nitrides gels are actuallyf@resent, see
examplehe thio or hydrazidd gel processes reviewed by A. L. lf&jctart

much less applied or applied only for very special synthesis.

Another very wide field of aerogel méemgiresented the organic ones, in

which polymeric carbased precursors are used to produce the gel. The
preliminary work was done by R. W. Pekala and his coworkers and published for the
first time in 198@1] These gels were producedtinga resorcinol and
formaldehyde, producing a network formed by the aromatic rings of the resorcinol
bonded by ether bridges, as summarfigedeli2. This type of aerogels, along

with other similar system like mefamreddehyd®] and polyacrylonitii&

can be heat treated in inert atmosphere to convertottoamduntive
carbonaceous aerogel and graphitic aerogel.

> b & o
Il ()Nacoq A 2 o o
2 ¢ @ 2wl
OH SN, (@ He OH CHy
H o H oH o
¢, H

z OH
CH CHa
Ho CH,0H c?-a .
CH,OH Ho on
Ol ew, ocn,
OH OH

Crosslinked Polymer
Figurel-2: Resorcinbformaldehyde gel chemisf#}

Up to date, many other polymeric aerogels were produced usingamth natural

synthetic polymelie cellulosg’] lignin[8] agar[1] and polysaccharides in

genera[9] polyuretharj&0] polystyreng1]andpolypyrroll2] among many

others.

N. leventis and coworkers opened the way to produce metallibyaerogel

carbothermal reduction of metal oxides, using precursors for both carbon and metal

oxides and heat treating the intimately mixe{il8yatéth the same tairjue it

was possible also to produce metal carbides for those oxides that cannot be reduced
3



to pure metallic material by carbothermal reduction. In the case of noble metals, it's
possible to produce directly the metallic gel and supercriticgtisodogéd as
(14]

11.1.2 Drying

The peculiarity of the aerogel production route consists in the distinct drying
procedure, which is performed bringing the liquid present io shpg¢roréal

conditions and removing it as a supercritical fluid. This "trick" allows to remove the
liquid without crossing the equilibrium line of liquid and vapor phase, so no meniscus
is formed inside the pores. The presence of the meniscuscisoimgeaded by

the development of stresses; for the liquid these are related to the dimension of the
pore, the surface tension and the contact angle, through i ttepla@ring

equation:

2 O0¢i (—
ﬂ&::#
inwhichi s the surface tension of the 1iqu

and liquid, R is the radius of the pore (assumed to be aglindigrak3d) and
pe is the capillarity pressure experienced by the liquid, the direction of this pressure
is parallel to the cylinder axis.

Pa

Figurel-3: prand p acting on the pore walls

The walls of the pore on the other side experience both a radial pressure, that can
be expressed as:

no=r"&-

and a axial pressure, expressed as:
Ne = [ 681 ()
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This pressure, applied to the surface of the pore walls, may lead to a closure of the
pores during a conventional drying. Indeed, it must be considered that the specific
surfacarea (SSA) these gelsiisthe order of hundredsaf, with a total

porosity around 90 %vol and density usually @@ugf@A) meaning an

average pore size in the rang2d®nm. High values of specific surface means

high total resulting pressure, that bandbetolerated by the low amount of solid
material preseht.other words, small pores give rise to high SSA values, increasing
the total force applied to the skeleton which builds up the pore walls. During a
common evaporative drying the surfaae lsasato cracks and/or densification,

a gel dried with this route is oftenxcalbee!

The path followed during a superdritingl procedure, summarized in figure 1

avoids the formation of the meniscus, therefore no capillary stredseackrise an

free dry gels can be obtained, in which the solid skeleton of the gel is preserved
along with the small pores present among the particles.

Pressure

]
1
\ Supercritical Fluid
Liquid ' —_—
Phase
Solid Phase Critical |Point

DU

Triple Point Gaseous Phase

Temperature

Figurel-4: Supercritical drying path

In principle, masftthe liquidssed for gelation grésent in the pores after the

gel formation can be brought to supercritical condition. Unfortunately, these
conditions are usually reached at high temperature and high pressure, that can be
prohibitive in a practiealctor, mostly for safety rea@migents are typically
flammable or tgxim addition, sometimes the supercritical phase can react with the
solid phase as in the case of supercritical water, that is épldissalvadsome

metal oxide§.o overmme these problems, a widely used liquid for supercritical
drying of gels is £@at possess a practical critical temperature of 31 °C and a
critical pressure of 74shar addition to be non flammable and non toxic.
Accordingly, the liquid of the §isdtiexchanged with liquidi€@n autoclave

through some washing steps; onedulBOsubstituted the starting liquid it's

5



brought above the critical conditions and removed as supercritical phase with a
controlled pressure release rate. If ting dtquiid in the gel is not miscible with

liquid C& for example in the case of water, an intermediate liquid exchange step is
introduced with a liquid miscible with both the starting one and the carbon dioxide.
Research efforts are dedicated to spdeal ayerall process, that on laboratory

scale can last more than one week, by using a constant stream of already
supercritical @@nd proper reactor design.

Other research works try to obtain the same aerogel microstructure avoiding the
supercritical fluapproach, by acting on the surface tension of the liquid in order to
minimize the stresses due to thésecue presence. This technigeedrying

control chemical additives (DCCA) thad gifoducaerogelike materials with a

much simpler evaporatiggng. These additives rethesurface tension of the

liquid and diminish the forces experienced by the solid skeleton during the
evaporative drying. With this route the microstructure ehdhes ggpically

smaller pores and higher density compared to material obtained with the supercritical
way, due to the interaction of the DCCA with the gellifihizoidtiorthe rising

of some stresses related to the memsmation Anyway, mesopores are
preserved and the gel is able to sustain the drying and survive as a monolith, being
calledambigelSome authors also modify the surface of the solid skeleton, so that
part of the shrinkage experienced during canteglt@dtive drying can be
recovered with a "spring back" phenomenon, triggered by a moderate temperature
treatment (1@M0°C) and made possible by the absence of chemical bond
formation on the pore Bi§17]

Sol-gel
chemistry

drying from sol-

gel solvent (H:0,
alcohol)

ambient drying from
alkane (minimal capillary
pressure)

ORY
wet gel \
supercritical CO;

drying (no capillary
pressure)

v

>~ ambigel

Figurel-5: Xerogel, ambigel and aerogel route differfdi@e



These three types of dried gel structures, aerogel, ambigel and xerogels are
summarized figurel-5.

To be precisalso freezedrying is sometimes considered a way to produce
aerogels. The technique consists in removing the liquid phase first solidifying it and
then sublimating the solid. This kind ofrdryiatjow the productionafolithic

mderials calledryogelseven though most of the times just porous powders are
obtained. Additionally, the formation of crystals while freezing the liquid modify the
gel structure, introducing anisotropy and much bigger pores compared to those
originally rpsent in the gel, making the products very different from the more
general aerogel structure.

1.1.2 Properties

Aerogels are composed by two phases, the solid skeleton and gas/pore system. The
propertiesf an aerogelre given by the ratio between these awes,ptheir
connectivitgheimorphology and the chemistry of the backbanel]l depicted
by G. Reichenauef2h'a first visual and manual inspection of an aerogel usually
already provides quite a bit of infornsatthenmiaterial transparent or translucent,
is it brittle or ductile, how easily can the sample be deformed, how does it sound
when you drop a piece of the aerogeinved¢igation on your table?"
All these first eye properties are the result aghtimmbetween the density, the
pore size distribution and the properties of the solid part. To produce a transparent
aerogel it is not enough to have a transparent solid phase, the second condition to
be fulfilled is the absence of large pores, pemselyhose size is comparable
with the wavelength of the visible light. The sound produced when dropped is
affected, as a first approximation, bylkdensity and the elastic modulus of the
solid. Though silica aerogel are fragile, robust aeraietsnad if the silica
backbone is covered with a -indesl polymer as [@B] pointing out the
importance of the bridges between the solid particle to increase the mechanical
strength
More detailed information aboudrdiperties can be retrieved by structural and
chemical characterization. The most popular characterization techniques applied to
aerogels are devoted to understand the microstructusepli@&ibhrption), the
mechanical properties (flexure and coomptess) and the chemistrylRET
NMR, XPS). Other characterization methods are appliadpartiealar
application is investigated.
Some typical properties, related to the highly porous nature of aerogel materials are:

low density (0:015 g/cA),

high specific surface area (SSA,0D0071g),

low thermal conductivity (60015 W/mK),

small pores (:BD0 nm).
While some other important properties depend on the solid part:

7



electrically conductive aerogels can be produced by carbonization of

various carbon precurftys

mechanically strong aeroge8sMPa) are produced if polyimides are

used to build the backbf#t§

silica aerogels possess very low dielectric constfzit] @<Rhigh

acoustic impedance4400° kg n/s).

transparent aerogels with high transmittance can be produced, for

example with Sidr > 90% for 1 cm thick saf@pjeand cellulose

(Tr:85% for 0.5 cm thick safi23p
Thesefeaturesare not only rare for other types of solids, but can also be tuned
changing the chemical precursors, their ratio and the processing route (time,
temperaturamount of solvengd to produce the aerogel.

1.1.3  Applications

Aerogels are used, or their use was proposed, in a very wide number of fields, all of
which take advantage of the combination of the porous microstructure and the
versatile composition of the solid part.

As majordids, catalysis, thermal insulation, electrochemistry and gas storage can
be defined, while other niches like Cherenkov detectors, acoustic coupling,
thickening agents, nontoxic pesticides, hypervelocity particle capture, special
electronic parts, artisimpls, special molds for aluminum, drug delivery systems,
personal care products, optical and electrical sensors, special filters, nuclear waste
confinement, nathermites and water purification find benefits from the particular
aerogel properties aliected in many review arfAdi25][2][26][27]

Regarding commercial products anyway, mainly thermal insulation is exploited and
applied to architectural, petrochemical and clothing fields, with two companies that
produce mostly Sitased aerogel blankets, specifically f@0RUC)Y and high
(650°C)Yemperature: Cabot Corporf28jmand Aspen Aerogg9] Another

company, Oros app4§B@] sells an aerogel insulated jacket (of composition not
better defined th&BolarCore aerogel”) after a Kickstarter campaign to raise funds

to start the production. A fourth company, named Aerogel Techr8lijgies LLC
sells products of the first three and additional polyurea and polyimide aerogels
possessing much better mechanical properties (MPa range), but lower maximum
temperature (800°C) and slightly higher thermal condbetr@i» aerogels

Aerogel Technologies sells also monoliths of silica,forstatdeblyde and

carbon aerogekslong with art pieces like those produced by loannis Michalous
[32] Further commercialization of aerogels is hindered by the relatively high price of
these materials with respect to competitors, that often show warseipaopertie

much cheaper. In those cases in which the properties cannot be matched by other

8



existing materials (usually due to limitations in spacétatidevasgogels are
applieduhding the R&D that allows to compete on a wider playground.

1.2 Polymer derived ceramics (PDC)

The use of a polymer as a precursor feoxadeooeramic material was for the

first time reported more than 50 years ago from Chantrell §38] Sopper

years later a patent was deposited bybéeki&t]to produce ceramic fibers

(and other "shaped articles") made of homogeneous mixture of silicon carbide and

silicon nitride through the pyrolysis of a polysilazane precursor. About in the same

years, Yajima publishedacquure to produce a polycarbosilane that could be

meltspun to produce SiC fibers after py[88]sithe PDC route is somehow

similar to the sg@l route, i.e. the object is shaped at low temperature and the final

chemistrys controlled by the precursors chemistry, with a main difference that

carbide and boride ceramics can be produgetl issaleveloped for mainly

oxides, nitrides and chalcogenides) and that a thermal treatment (pyrolysis) is

needed to convert the patynto the ceramic material.

Some review papers and books were published, trying to summarize the vast field of

PDC materials in terms of chemistry, properties and apa{aa¢i38][39]

[40][41][42]143][44]45][46][47]

— Preceramic Organosilicon Polymers =
Polysiloxanes Polysilsesquioxanes

Gl {86l

Polyborosiloxanes Polycarbosiloxanes

R RORYy
+8i-0-8i-B “SI“O’S!*C ‘
RZ RIRST RZ RC M

Polyborosilanes y :
[a0] ==t ,, | |sc \v

RERY"

Polycarbosﬂanes

Polyborosilazanes

1 3 1
Ry B |
8i-N-8i-8 8i-N-
R ORRTTCREB "
RY R

Poly5|lylcarbod||mides
| Sl N= C—NI

Polysllsesquicarbodlimldes

+R
SiTN=C= N‘—'
A.8n

Polysilazanes Polysil 1es

Figurel-6: General composition of organosilicon polymers [32]
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Typically, peeramic polymers are Si based polymers, with composition and
relative general name summarifigdna .

Polymers based on boron and aluminum, precursor for BCNamalsaligN,
producetiutaremuch less commangd usedhostly for research purpose and in
limited amounts.

1.2.1 Production

The production ofganosilicon polymers starts from silicon chlorides, that are
obtained by reaction of silicon withH3TI at high temperature. The silicon source

can be either metallic silicon, ferrosilicon alloys, silicon carbide or mixtures of silica
and cebon The SiCl and SH bonds are fairly reactive and can be used to
introduce different functionalities, exprdgpee i as SiR.

Figurel-7: Typical routes to different organosilicon polymers [32]

The blorosilane monomers can be polymerized with different compounds to obtain
polysiloxanes, polysilazanes, polysilanes, polycarbosilanes and
polysilylcarbodiimides and further functionalized to introduce extra elements like
boron, hafnium etes reviewen[B8]

Apart from the chemistry, which is controlling (together with the pyrolysis
atmosphere) the composition of the final ceramic, an important feature of a pre

ceramic polymer is the pyrolysis yield, i.e. the %mass ofateramibtained
10



after the thermolysis in inert environment. To reach high yield values (typically 70
80%), the polymer should be of sufficiently high molecular weight to avoid
volatilization during shaping andlicidng; cages, rings and branchexuse

also help to reduce the production of volatile fragments during8pyrolysis
Regarding the possibility to shape the compompatyntee should be either

liquid, meltabte soluble in a solvent; the presence of latent reactivity is useful to
crosdink the polymer in order to set the shape.

The ceramic is obtained, as previously introduced, by a thermal treatment in inert
atmosphere called pyrolysis, typically, afteatraertt above 1000°C an
amorphous ceramic material is produced. During this treatment the polymer
experiences a mass loss, due to the production of volatile molecules like small
silanes, hydrogen, methane and other hydrocarbons, and a shrinkalge related to
change from a polymer, with a typical density of 3- tb g/asilicabased

ceramic having a density €8 g/2rd During the pyrolysis treatment many factors

can play a role on the properties of the ceramic material obtained. Among them, the
type of gasused (inert, reactive, vacydsi)50] the heating rateaximum
temperature reached and dwellingh@n@esence of fillers and thgiosdion,

shape and dimensi@di][52]can modify the chemistry and the microstructure of

the PDC produced.

1.2.2  Properties

Stbased PDCs are a wide family of ceramic materials; changing the starting
organosilicon polymers is possible to prodpt@asn8t, SiC-N, SiIO-C along

with nanocomposites of the previous ceramics and amorphous carbon. It's also
possible to introduce bofs8] hafniunis4] zirconiurfb5]and aluminufB6],

creating a lot of different materials with tunable properties. This is to point out that,
as previously seen with aerogels properties, a proper discussion on PDC properties
can be very long as one sloauigider all the specific compositions and features.

For the readérsake just a brief summary of the general properties of the most
studied PDC system, will be presented.

Typically, the dispersion of the elements in the ceramics obtained bys®DC route is
good that after pyrolysis the material is an amorphous ceramic, showing high
resistance to crystallization and to creep, good hardness, high resistance to chemical
attack and toward oxidation. In some cases, PDCs start to coystallfi® aro
1300°QSiC, SIO-C)[57] [58] [59]while in others the crystallization temperature

can reach very high values, as in the cad®GIN Svhich crystallize above
1700°@53] Aside the remarkable high temperature properties, Si based PDCs also
possess various functidealures like piezoelectrjéidy electrical conductivity

and semiconductiyB{][62] ferromagnetisf@3] transparend§4][65] lithium

host capacifg6]and photoluminesceftg
11



1.2.3  Applications

A key advantage of using the PDC process to produce ceramic materials is the
versatility of shaping technologies that can be used. Indeed, nearly all the techniques
developed for conventional polymeric Isnatenia applied to -pezamic

polymers. Among these, thintlgfemologies like tape cafilgdip and spin
coating69][67] sprayin{0] inkjetting [ref], UV lithogrd@tyallow to produce

high tech coatings and microcomponents. Ceramic matrix composites (CMC) can be
produced by impregnation of a fiber fabric with the ceramic precursor and
subsequent mlysis (PIP process, polymer impregnation and pyrolysis), multiple
PIP cyle allow obtaining a dense MLCIn addition, the fibers can even be
produced by PDC routéutly ceramic CMC are obtai@echmic nanopowders

canbe obtained by emulsion prd@&jshile dense components are produced by
warnpressing74] direct blowing of-pezamic polymetows producing ceramic
foamg75Jand layes of preceramic polymer with proper filler materialsiszoh be

to join ceramic monoliff8] The polymer to ceramic transformation can be
stopped at intermediate temperaturé8O@FEL) to take advantage of the
micrporosity formed during the ceramization reactions ftiogas segmaration
applicatiofy 7] Micreand mes@orous materials can also be obtained by etching

the PDC witHHo remove silica nanodor{iz@jsr with @to selectively remove

Si atom§r9]

Thanks to such a versatile shaping approach, PDC are applied as structural and
thermestructural componentsarsh/high temperature envirdnaeim the case

of CMCs and fibg89] andmicro mechanical system (MEMPBAdditionally,

functional application tigical and electrical senf&#F catalyst suppdd2]

gas separatiorembranef/7]and gas storaf@3] lithium batteries anog@2g

antigraffiti coating85] high temperatwsealan{86] heatig elementg87]and

brake pads bind8s]

On the market is g®at a wide range of siloxanes, also called shiaboas,be

used as precursors for SIOC cer@itots.that not all the silicones can be used

since, as previously stated, apart from the chemistry the polymeric precursor should
have reactive moieties that can be used dinlcridss polymeric chaind a

decrease their volatilization during pyrBlglsisarbosilanes are also on market,

with widely known SMPproduct from Starfire Systems Inc. and polysilazanes
from KiON Defense Technologies. Other ceramic precursors were commercialized in
the pastjke Nippon Carbon or Sigma Aldrich polycarbosilanes, or are produced by
specialized companies to be directly used to manufacture fibers as in the case of
Nicalon, Sylramic and Tyranno Si(O)C fibers.

12



1.3 Motivation of the work

We are interested in prodwsiliton carbide, oxycarbide and carbonitride aerogels.

In literaturenetalcarbides aerogels are produced only by carbothermal reduction,
heat treating at high temperature in inert atmosphere aerogels composed by a
mixture of oxides and carbon; if nitrogen and/or ammonia anussgohere
carbonitrides aerogeds beobtainedTaking advantage of the PDC process to
produce these kinds of aerogels is believed to greatly enhance the versatility and
simplify the production route. Silicon oxycarbides areogels on the other side can be
produced by classicalgebltechnique and BC route in this case could be
beneficial to expand the chemical composition range of this kind of materials.

In this thesis the objective was to produce gels madeamhiprpolymers, like
polysiloxane, polycarbosilane and polysilazane, towith tgrercritical £0

method, and heat treat them in controlled atmosphere to obtain the relative silicon
carbide, carbonitride or oxycarbide. This method started to be developed in the
Ceramic and Glass Laboratory of the University of Trento tighbbgiianeng

of this PhD thesis W8
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Chapter Il

Experimental

In this chapter, a brief description of the experimental part will be given, starting with
some details about the equipments used to obtain the PD@ aeeagelsis
and the characterization mettmd®ve in the end to the synthesis procedure.

2.1 Equipments

21.1 Parr digestion vessel

As will be illustrated in the last paragraph of this chapter, the synthesis route requires
a mild temperature (150°C) toaserthe crodmking rate of the polymers.
Unfortunately, the solvents used to produce pasgs a boilipgint at

ambient pressusell below that temperatur8156) so a wénasto be found to

keep the solvent liquid during theliniasgand formation of the gel. The solution
adopted is to perform the gelation in a closednvéssehannduring heating

part of the solvent will evaporatéhangressure will rise to match the vapor
pressure of the solvent, maintaining it liquisssEhashould be able to stand the
pressure, the temperature and beaxtive with any of the chemicals used. Parr
digestion vessels (Parr Instrument Company) are widely used for this kind of tasks,
as shown fiigure A they consist of a chrome glatenze jacket that provide the
mechanical strength  required, an inner chemically inert PTFE
(polytetrafluoroethylehieer and a sealing cap provided with a spring, able to
release unpredicted high pressure build up.

The used model is a Parr Digesigse\4749, with imner cup capacity of 23

mL, a maximum temperature allowed of 250°C and a maximum pressure of 125 bar.
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Parts List

Part No Description

241AC Spring

264AC2 Hook Spanner

276AC Vessel Body (23 mL)

276AC2 Vessel Body (45 mL)

277AC Bottom Disc

278AC Screw Cap

A280AC PTFE Cup with cover (23 mL)

A280AC2 PTFE Cup with cover (45 mL)
282AC Pressure Plate, lower

283AC Pressure Plate, upper
A2B4AC Tumbling Ring
A285AC Holding Fixture
286AC Corrosion Disc, .002”
287AC Rupture Disc, .003"

Figure2-1: Parr digestion vessel schematics and spare part list

2.1.2 CO; autoclave and thermo bath

Oncethe gels are obtaindtk starting solvent must be substituted withdjquid CO
through multiple washing, before bringing afveGhe critical point to remove

it as supercritical fluid. To perform these washingdssgsercritical drying

(SCD) it's needed an autoclave thatittestandhe high pressure (100 bar)

involved and whose temperature can be precisely controlled, at least within 1°C, and
changed at will. Some commercial astagagéically designed GG SCD

exist on the market, for example automatic critical point drieroosides®y

manual autoclave fr&tmucture Prodec and reactor systems for industrial
volumes provided by Parr Instruments Company and Amar Equipments Pvt Ltd.
Unfomdnately al | the commerci al devices are
designed for drying well know samples with less devotion to research custom
features.

For these reasons, a custom autoclave was built by the UniTNofigpesienent

machine shopising schematics, ideas and solutions from 28] vikem
proéssorsR.Campostrini, G.D.Soraru, V.M.Sglavo and V.Fontanari along with work
experience of technician P.Gennara.

The autoclave, showfigare 2, has th@reat advantage of possessing two glass
windows, that allow to see through to evaluate the liquid level and, most importantly,
to follow samples behavior during all the liquid exchange stepdignek @ying (

3). Valves, pipings and joints were pardl@ameSwage®kvhile the G@ank

(figure A)was provided with a deep drain tube to extract directly the liquid CO
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The design of the autoclave provided the possibility to change the temperature of the
device connecting it to a thermostated wdfyubat®).

The thermobath was not only used to bring the whole system above the critical
temperature of €10 perform the SCD, but also to fill the autoclave with liquid CO
Indeed, there's no reason for the liquid fllothe autoclave sinceumop is

connected to the system and, in absence of other external factors, the equilibrium
pressure would be quickly reached ¢hdbotmches of the system. Howmyer,

using the thermobath to cool the autoclave below room temperature it's possible to
create a stable difference in pressure between tirek @@hich is at room
temperature) and the autoclave, allowing the draining of liquid from the tank for the
exchange steps.

Liquid CO,in ~ [f® Supercritical
CO,out

Overpressure
safety rupture
disk

Manometer

Thermostated
water in

Thermostated
water out

] Liquid CO/solvent
out

Figure2-2: CQ supercritical autoclave
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Figure2-4: Thermostated water bath and liquid taak
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2.1.3 Tubular furnaces

To convert the greramic aerogels into silicon carbide, oxycarbide and carbonitride
aerogels a thermal treatment in inert environment (pyrolysis) is needed. Tubular
furnaces allow to control the atmosphere inside the tube and are @iften applied
this kind of treatments. Within this work, two types of tubular furnaces were used, the
most used one is a Lindbergh Blue high temperature furnace with an alumina tube,
shown ifigure &, capable of reaching 1600°C as a maximum temperature and
conneted to argon, nitrogen and synthetic air lines. The second one is a Gero
tubular furnace limited to 1100°C and equipped with a Biideashesed for

special treatments witha@iH: gas flow in the Technical University of Dresden
(TUD).

Figure2-5: High temperature tubular furnace Lindbergh Blue

2.1.4  Graphite furnace

For high temperature stability test a high temperature graphite furnace (Astro model
100045660FP30, Thermal Technology fig@e &) was used, connected to

argon line antb flowing water cooling. The original graphite/boron carbide
thermocouple was calibrated with a C type thermocouple and a Ircon Ultimax®
pyrometer.
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Figure2-6: Astro high temperature graphite furnace

2.2 Reagents

Three commercially available liguddrpmic polymers were chosen to produce
ceramic aerogels belonging to tB8eN-Si system, all of them bearidg Si
moieties in order to be elinksd by theydrosilylation reaction.

2.2.1  Polycarbosilane SMP-10

Starfire's SMBD allylhydropolycarbosilane (also known as AHPCS) imposed itself

as the world's most used polycarbosilane thanks to some key features that allow

good processability and final propettiescefamic. First of all it's a low viscosity

liquid that can be used in(PoBmer infiltration and pyropysisgss, filling all

the voids and pores without the need to be melted. Second, as can be seen in the
20



structuraformula drawn by L.Integrant{90] and reported ifigure 2, it

possesss allyl moieties that can be used to thermallinicrivss a moderate
temperature, that can be also lowered with the addition of a peroxide radical initiator.
Third, the presence of abund&hg&iups makes possible to keep the Si/C molar

ratio closéo 1. The combination of branched structure, high presence of reactive
group and low amount of carbon allow to obtain, after pyrolysis, a nearly
stoichiometric SiC with high mass yield of ~80%.

H H H
H
\Sn< H \Si/‘”
H
u}c\/ H,\sitCHﬂ/
H
b _cn ;1 H——/si\ CH /H[
2. ~ S
S S Lfi: He |/  meN
H H Si
H Si— Si
CHy—si "\ CH, }_[/ CH,
BN / e, CH.
H,//S"CH2 e H/’sle
H CHr—s;
i H/ H N
H/ \ =K
H H
CH,

gt
/
H

Figure2-7: Structural formula of AHPCS as resulted from GPC and NMR&@lidies

Some properties of the polymer are reptatdd #h as specified in Starfire's
datasheet.

Properties of StarPGSSMP10

Density 0.998 g/cin
Appearance Clear, Amber liquid
Viscosity 40 to 100 cPs at 25°C

Compatible Solvent Hexanes, Tetrahydrofuran, Toluene, Insoluble in\
Flash Point 89°C

Moisture Absorptior <0.1% in 24 hours at room temperature, moisture
Surface Tension 30dynes/ch

Storage Vacuum container or inert environment; Refrigera
Crosslinking 180400°C

Table2-1: SMP10 general properties
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The polymer was characterized with NMR-l&hérfalysis, the results are
reported ifigure 2-8, 29 and 20 Assignments of the peaks in the NMR-and FT
IR spectra were done based on lit¢2d{[82][93]

C,SiH,

T T T T T T T

60 40 20 0 20 -40 -60 -80 -100 120 |lapm
Figure2-8: 29Si NMR spectrum of virgin SIMP
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Figure2-1Q0 FFIR transmission spectrum of virgin SMP
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The spectra reveals a structure very similar to the one figpoet&nhich is
also close, in-8iand C=C moietiatiq to the average composiéiparted by
Starfire's vendor and presenfiggiie 2.1

HZC:CH
CH, H
| Hy | Hy
Si—C Si—C
U] e
H H

Figure2-11 Average composition of Sii®as declared by Starfire's vendor

Thermogravimetry was performed on the n&@t Sfdétinked at50°C with

the addition of 10 ppm of Pt catalyst (Karstedt's catalyst), in Argon flow with a
heating rate of 10°/iffigure A2) The Pt catalyst promotes the hydrosilylation
crosdinking as will be shown later on. It can be seen that most db#seisveight
experienced below 1000°C, reaching a totdighalyeabo29%. This mass

loss is attributed to evolutiop @H SiH andCHSIH produced by
dehydrocoupling and redistribution reactions @n@hy8id SH bond493]

— -5
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S -104
Al e
[&]
5
Q—) -15 4
<
-20 R
-25

i T % T L T v T L T v T v T
200 400 600 800 1000 1200 1400
Temperature (°C)

Figure2-12:TG curve measured on crésgked SMA0
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222 Polysilazane PSZ-20

Ceraset®S220is a liquid polymeric precursor@X $eramics sold by Clariant
GmbH and originally developed by KiON Defense Technology. Some properties
extracted from the Clariant's datasheet are refpbitein

Properties o€eraset® PSZ 20

Density 1.01.1 g/cth
Appearance Pale yellow liquid
Viscosity 180 to 750 cPs at 20°C

Compatible Solvent Dry aprotic solvents (alkanes, ethers, ester
Flash Point 63°C

Moisture Absorptior Moisture sensitive, quick processing in air
Storage Refrigerated (4°C), 6 months shelf life
Crosslinking 106250°C

Table2-2: General properties of R3@

The structure of this polymer, similarly 410 §$/dycarbosilane, contains both
C=C ad SiH groupss can be seen fromftgere 2A3reported ithe technical
bulletin provided by Ki@N that allow a the crbsking of the polymer.

Figure2-13 Average composition 08R20

The characterization with NMR aild Spectra ifigure 24, 215, 216
confirmed the average structure provided by the company.
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Figure2-14 29Si NMR spectrum of PEZ

The Si@units presence evidenced by the pdalOgipm in tH&Si spectrum

indicates the reactivity of the polymer towards atmospheric moisture. It should be
noted that the acquisitié®Sdkpectrum took more than one day while the open air

use for the symisis was maintained in sedomdsutes range, indeed, no silica

traces were observetheFT-IR spectrumissignments of the peaks in the NMR

and FIIR spectra were done accordingly to li{eE[96497]

Si-CHy

_CH, NH
PSZ 20

Figure2-15 1H NMR spectrum of PBY
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Figure2-16 FFIR spectrum of PSD

Thermogravimetfigure A 7)wasperformed, as for the SMPolymers, after
crosdinking the PSD at 150°C with the addition Karstedt's catalyst. Argon flow
was used®SZ20 experiensa mass loss due to evolution of oligomers (low
temperature, first step) higher thad@GMet éinal mass loss lower than the
polycarbosilane. Additionally, at temperature higher than 1400°C the TG curve
showg a new mass loss step related to the decomposition of silicon nitride, with
production of silicon carbide and nitrogen gas as di#pietptbbipn

Y, + 30 0 3VQ + 20,

as in referenf@8] The decomposition at 1400°C is visible if argon is used as a

inert gas, while is hindered/delayed in nitroi@&h Fimm literaturéetevolved

products in the case of silazanes pyrolysis are similar to those found for
polycarbosilanes, with the addition of N containing molecules like ammonia or small
organic amines deriving fransaminatioeactions ari¢ at high temperature

[100]

26



-104

-15 4 \

Weight change (%)

-20 4

-25

T T T T T T T
200 400 600 800 1000 1200 1400
Temperature (°C)

Figure2-17. TG in argon flow of Pt crdgsked PS20

223 Polysiloxane PMHS

PolyMethylHydroSiloxd@dHS)is a transparent liquid silicone oil possessing low
viscosity and widely used as mild reducing agent in organic chemistry. Differently
from SMRO and PSZ0, it's not a proprietary silicon based polymer, it possesses a
linear structure and does not@e@rmoieties. Some properties are reported in

table B, collected from various datasheet {Sldyich, Alfa Aesar) and from
reference literature. The polymer used in this thesis work was purchased from Alfa
Aesar and possessa viscosity of 25 cPs anpurity of 97%. To be used as a
preceramic polymer it must be modified to be propénextgs#or fryrolysis.

A firstnethod was used by101who converted part of tHd @i SOH, the Si

OH groups cdinencon@nse and produce oxygen bridges that render the polymer
infusible. A pyrolysis in nitrogen at 700°C of this condenslatied EvE$S

gives a yield of 73%. Another method, developed I2&um use the-Bi

bonds tarosdink and functionalize the polymer with a vinyl bearing siloxane or with
divinylbenzene (DVB). Depending on the amount of DVB used, SiOC ceramic are
obtained after pyrolysis with different yield and free carfhpd3jontent

NMR characterization was not performed since the structurefigepp@&] in

is well established in siloxane field.

27



Properties o0PMHS

Density 1.0 g/ck
Appearance Transparent liquid
Viscosity 10 to 50 cPs at 20°C

Compatible Solvent Hydrocarbons, ethers, acetone, alcohols bu
Flash Point 204°C

Moisture Absorptior Slightly moisture sensitive

Storage Cool, dry storage, no special requirements
Crosslinking Oxidation, Hydrosilylation

Table2-3: General properties of PMHS
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Figure2-18Average structural formula of PMHS

A control FIR spectrurtfigure 29)was acquired which icorsf very well the
structure proposaitbve

100 + s
e
) 2
CH ‘\ |
g | \
8 U
S 504
k=1
£ SiH f
2 SiCHs| | | |
)
SHO-Si | g
. sl SH

. T ¥ T & T . T v T . T b T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure2-19 FHR spectrum of PMHS polymer
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2.2.4 Cross-linkers, DVB and TVS

As was presented before, aluske ceramic precursors bebi fBhctional
groups that can be used to4irdsthem by mesof hydrosilylation reaction. This
type of addition reaction, as shdhaenuation belovs free of fyroducts and
can be efficiently catalyzed by Pt compounds, allowing the curinografitite pre
resins at let@-mild temperature (RT to 200°C)

QO 0+6=60 Q6 6

The first crodisker investigated was divinylbenzene (DVB), being an aromatic ring
with two vinyl groups in ortho or meta positions as finoen2ld It was

bought from Sigma Aldrich, technical grade, 80% mixture of isomers with
ethylvinylbenzene and diethylbenzene. Even though it contains 1% of polymerization
inhibitor it must be stored in a cold p&€®),(ihdeed after some days at room
temperaire it turns from a clear ligwidch transparent solid resin.

= | ~CHy
\
_CH2

Figure2-20 Structural formula of DVB

The FAIR spectrum of DVB is reportéduie 22 and confirms the structure,
evidences of the tmie of ©and m disubstituted benzeae= notedthe
assignment of the peaks wasfommeference literat(it@®4]

The second crdasker usedas tetravinylsilane (T¥Sgtrafunctionatfsised
moleculevhictstructurésreported ifigure2-21

HQC; /:CH2
|
HQC:/ tCHQ

Figure2-21: Structural formula of TVS

It was purchased from Fluorochem Itd. with a declared purity of 97% and stored in
the same conditions as,BV@&n though its reatytivas noticed to be lower (no
solid formation if left out from the fridge for sar@elagsiespondinglRT
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spectrum is reportefignre2-23 theassignments were done based on literature
[105pnd confirm the structufeyofe 21.
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Figure2-22 FFIR spectrum of DVB
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Figure2-23FTIR spectrum ofFVS
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2.2.5 Solvents and catalyst

The solvesirequirements in this works were: ability to dissolve all the reagents,
inertness with regard to the reagents, in pastBiitugroups, and possibly
mixable with liquid 2COyclohexane is a very low polarity aprotic solvent that
perfectly matchesthéise requirements so it was used in high quantities and from
different sources, i.e. Sigma Aldrich -@rsetiand Alfa Aesahe purity being

always higher than®8. Acetone is an aprotic highly polar solvent and was used
onlyto produceome PMHBVB gels to investigate the role of the solvent in the
gelation and drying procesiieslarlytetrahydrofurgfiHF) was used to produce

some SMRO gels with a polar solvent since the polycarbosilane could not be easily
dissolved in acetone.

Acetone  Cyclohexane THF

Boiling point (°C) 56 81 66
Density (g/cA 0.@ 0.77 0.88
Dipole moment (D) 2.7 0 1.8
Dielectric constane() 20.7 2.0 7.6
Surface tensiotmJ/nd) 25.2 25.0 26.4
Vapor pressurg50°C (bar) 10.7 6.7 8.0

Table2-4: General properties of the solvents used

Both THF and acetone were purchasegignanAldrichith a purity >99.5%;

THF contained 250 ppm of BHT as peroxide Bib&oproperties of these
threeliquids are reportedtable 21. The hydrosilylation reaction, even though
thermodynamically favored, do not proceed in absence of catalyst at low
temperature, indeed the exploit of this reaction started after the discovery of the very
efficient hexachloroplatinic acid chialykt Speigt06]107]108] Another very

powerful Pt catalyst is the so called "Karstedt's catalyst" tb&h det{Sist
organometallic comgbimwhich th@atinum atoms @@ordinated with the vinyl

groups df,3divinyl,1,3,3etramethyldisiloxaseshown figure 24

Figure2-24 Structural formula of Karstedt's catalyst complex
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This catalyst is eev more active than the hexachloroplatinic acid and can be
dissolved in organic non polar solvent, making it the most used hydrosilylation
catalyst in the silicone ind[08]110]It was purchas&dm SigmaAldrich in a

xylene solution containitgd® Pt. For practical dosing this selagciurther

diluted 1:19 in xylene to obtaiacticad.1% Pt catalyst solution.

2.3 Characterization methods

Here will be presented some detailsloftheterization techniques used.

2.3.1  Density measurements

To characterize highly porous materials like aerogels, the first, important and
(usually) simple method is to measure the "bulk" density (also called geometrical
density), defined as the ratio bettheeweight and the geometrical volume
occupied. This is not an intrinsic property of a material but depends on the amount of
porosity and the true density (also, skeleton density) of the spld material
depicted ifigure 25

Mass/Nolume

Figure2-25 Concept definition of bulk and true density

If the sample is a monolith with a regular shape like a cylinder or a parallelepiped,
the task is easily accomplished with a caliper and an analytical scale. For this
reasoncare was taken to produce regular cylindrical serqgelafppropriate

volume (>2 cri) to minimize the erdwae byaliper measuring.

The true density was measured by helium picnometry with a Micromeritics

instrument (model 1035). Helium picnometry allows indeed to measure the real
volume occupied by the solid part of the sample, if closed porosity is absent. The
general scheme of a @iceter is showrfigure 26in which Vs is the volume of

the sample, Vc is the volume of the chamber without the sample, Vr is a reference
volume and M represents the manometer.
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" V, = Reference volume

- V.= Cell volume
V,=Sample volume
M =Manometer

Figure2-26 General schme of a picnometer

The working principle igdheing

in isothermal state, the chamber containing the sample is pressurized with
heliumwhichamount is given by the volume occupMs) @ftd the pressure
reached @by the well know gas equakiGmRT;

the helium is expanded in a reference volume (Vr) and the equilibrium
pressure is measureg); (P

being known Vr and Vc, armh® Ris possible to calculate Vs through
theequation

G

=W
G

The calculated Vs representgotbene that cannot be occupied by helium gas, so

the real volume of the solid part of the sample, plus the volume occupied by closed
porosity, if present. If this value is used to calculate the density, the true density of
the solid is computed.

2.3.2 Porosity measurements

Measuring the porosity means to quantify the amount of pores present in the sample.
The quantity is usually expressed in volumetrical percent (%vol) or in a kind of
"invertediensity expressed a8 ahpores per gram of matenélg or cfy)

The total amount of pore volume can be quickly computed "fgprandulk (
skeletori’() density values, by applyinggtinetion:

%Uéc‘;]é-,n =1 —(:’
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