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Summary

Thermal management plays a huge role in our everyday life. It is crucial in a
wide range of applications, e.g., for developing insulating materials for buildings
or aerospace components, thermally conducting materials for heat sinks, and more
sophisticated materials that can direct the heat flow for energy storage technologies.
The requirements for the materials are increasing steadily, and new materials have
to be developed. An important parameter is the size range of the device. Since
electronic devices are getting smaller, the thermal management material needs to be
functional at nano- and microscales. Therefore, it is necessary to develop a detailed
understanding of the structure-property relationships of the thermal management

material.

In this thesis, the thermal properties of different nanoscopic materials and their
superstructures have been examined. The main target was to understand and
control the thermal transport of colloidal structures, focusing on their insulating
properties. Solid and hollow silicon dioxide (silica) and hollow titanium dioxide

(titania) particles have been used as colloidal building bricks.

The first achievement of this thesis was the synthesis of titania hollow particles in the
sub-micrometer size range. Three necessary steps have been elaborated: synthesis
and functionalization of polystyrene template particles (1), growth of the shells -
including an aging step (2), and the calcination parameters (3). Following these
steps, it was possible to fabricate titania hollow particles in a simple, scalable, and

reproducible way.

Titania material is known for its optical properties since it strongly absorbs light
in the wavelength region between 1-8 pm. Therefore, it is used in thermal insu-
lation applications to suppress thermal radiation at elevated temperatures. In
contrast, silica material is optically transparent in the region between 1-5pm and
consequently strongly affected by thermal radiation. Colloidal superstructures from
solid and hollow silica particles in the sub-micrometer size range have been char-

acterized using light-flash analysis. The transition from conduction-dominated to



radiation-dominated thermal transport mechanism was observed and described in
the temperature range from 25 to 925 °C, using an extended existing analytical frame-
work. The results provide a better understanding of the challenges of fabricating

and analyzing efficient high-temperature insulation materials.

At room temperature, silica hollow particle materials are highly insulating. To
extend pre-existing knowledge about the structure-property relationship, the thermal
properties of binary colloidal assemblies of 500 and 900 nm of solid and hollow silica
particles have been studied. It was found that especially for hollow particles, the
influence of the particle size exceeds the effect of binary mixtures, and a thermal

conductivity of 20 mW /mK in vacuum was achieved.

Thermal characterization often requires information about the material specific heat
coeflicient. Especially when new materials are thermally characterized, characteriza-
tion via DSC is essential. With my knowledge about this technique, I contributed
to several further projects. While the former projects were based on inorganic
materials, also organic and organic-inorganic composite materials are characterized

in the second part of this thesis.

The first project was on ampholytic polymers. This unique class of polymers exhibits
a hydrogen bond donor and acceptor group per repetition unit and therefore has
a high functional group density. Four different ampholytic polymers have been
investigated using infrared spectroscopy and the photoacoustic method. It was
proven that the thermal conductivity increased with increasing hydrogen bond
strength in the polymer. Due to the functional groups, the properties of the
polymers were affected by humidity. However, the resulting properties could be well
explained by mixing models. I supported this project by applying modulated DSC
measurements to determine the glass transition temperatures of the polymers in the

humid state.

In the remaining two projects, the anisotropic thermal properties of two-dimensional
Bragg stacks were investigated. Bragg stacks consist of aligned nanoplatelets with
in-plane dimensions in the micrometer regime, while the thickness in cross-plane
direction is only a few nanometers. As platelets, hectorite and graphene oxide
have been used. The in-plane thermal conductivity was significantly higher than
the cross-plane thermal conductivity for both materials. The in-plane thermal
conductivity of the hectorite stacks was found to be higher as in the graphene oxide
stacks. Consequently, the overall anisotropy ratio was 2- to 3-fold higher. In a
more advanced study, hectorite platelets have been layered with polyvinylpyrroli-
done (PVP) with extreme polymer confinement and perfect periodicity. Increasing
PVP volume fractions led to basal spacing in the range from 1.9 to 3.8 nm. The

dominating influence of the PVP-hectorite interfaces led to a drastic drop of the



cross-plane thermal conductivity of 0.09 W/mK compared to the pure materials
0.17W/mK for PVP and 5.71 W/mK for hectorite. A classical parallel mixing model
could describe the in-plane thermal properties, including density, specific heat, and
thermal conductivity. Overall, the structural perfection of these samples led to an
exceptionally high thermal conductivity anisotropy. I provided both projects with
all necessary DSC measurements to determine the specific heat of all materials and

composites.

This thesis shows the beauty of “playing” with colloidal building bricks, extending

the number of accessible materials and structures. Understanding the thermal

structure-property relationship helps create tailored thermal management materials.

In the future, this research may help solve thermal challenges, such as insulation

applications and heat sinks in electronic devices.

Xi






Zusammenfassung

Warmemanagement spielt in unserem téglichen Leben eine grofie Rolle. Es ist
fiir eine Vielzahl von Anwendungen von entscheidender Bedeutung, z. B. fir die
Entwicklung von Isoliermaterialien fiir Gebdude oder Bauteile in der Luft- und
Raumfahrt, wéirmeleitende Materialien fiir Warmesenken und anspruchsvollere
Materialien, die den Warmestrom fiir Energiespeichertechnologien lenken kénnen.
Die Anforderungen an die Materialien steigen stetig, weshalb neue Materialien
entwickelt werden miissen. Dabei ist ein wichtiger Parameter der Grofienbereich der
Geréte. Da die elektronischen Gerédte immer kleiner werden, muss das Material fir
das Warmemanagement auf Nano- und Mikroebene anwendbar sein. Daher ist es
notwendig, ein detailliertes Verstdndnis der Struktur-Eigenschafts-Beziehungen des

Warmemanagementmaterials zu entwickeln.

In dieser Arbeit wurden die thermischen Eigenschaften verschiedener nanoskopischer
Materialien und ihrer Uberstrukturen untersucht. Das Hauptziel bestand darin,
den Warmetransport von kolloidalen Strukturen zu verstehen und zu kontrollieren,
wobei der Schwerpunkt auf ihren isolierenden Eigenschaften lag. Siliziumdioxid
Voll- und Hohlkugeln und Titandioxid Hohlkugeln wurden als kolloidale Bausteine

verwendet.

Das erste Ergebnis dieser Arbeit war die Synthese von hohlen Titandioxid Hohlkugeln
im Submikrometerbereich. Drei notwendige Schritte wurden ausgearbeitet: Synthese
und Funktionalisierung von Polystyrol-Templatpartikeln (1), das Wachstum der
Schalen - einschliefllich eines Alterungsschritts (2) - und die Kalzinierungsparameter
(3). Nach diesen Schritten war es moglich, Titandioxid-Hohlkugeln auf einfache,

skalierbare und reproduzierbare Weise herzustellen.

Titandioxid ist fiir seine optischen Eigenschaften bekannt, da es Licht im Wellenldngen-
bereich zwischen 1 und 8 pm stark absorbiert. Daher wird es eingesetzt, um radiativen
Wéirmetransport in DaAmmmaterialien bei hohen Temperaturen zu unterdriicken.
Im Gegensatz dazu ist Siliziumdioxid im Wellenléngenbereich von 1 - 5 um optisch

transparent und daher stark von radiativem Warmetransport betroffen. Kolloidale

xiii
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Uberstrukturen aus Siliziumdioxid Voll- und Hohlkugeln im Submikrometerbereich
wurden mit Hilfe der Laser Flash Analyse charakterisiert. Der Ubergang vom leitungs-
dominierten zum strahlungsdominierten Warmetransportmechanismus wurde im
Temperaturbereich von 25 bis 925 °C beobachtet und beschrieben, wobei eine erweit-
erte bestehende analytische Methode verwendet wurde. Die Ergebnisse ermoglichen
ein besseres Verstandnis der Herausforderungen bei der Herstellung und Analyse

von effizienten Hochtemperaturisolationsmaterialien.

Bei Raumtemperatur sind Siliziumdioxid-Hohlkérpermaterialien hoch isolierend.
Um das bereits vorhandene Wissen {iber die Struktur-Eigenschafts-Beziehung zu
erweitern, wurden die thermischen Eigenschaften von bindren kolloidalen Anordnun-
gen von 500 und 900 nm festen und hohlen Siliziumdioxidpartikeln untersucht. Es
wurde festgestellt, dass insbesondere bei Hohlpartikel der Einfluss der Partikelgrofie
die Wirkung von bindren Mischungen tibertrifft und eine Warmeleitfahigkeit von

20mW /mK im Vakuum erreicht wurde.

Fiir die thermische Charakterisierung sind haufig Informationen iiber den spezifis-
chen Warmekoeffizienten erforderlich. Insbesondere wenn neue Materialien ther-
misch charakterisiert werden, ist die Charakterisierung mittels Dynamischer Dif-
ferenzkalorimetrie (eng. differential scanning calorimetry, DSC') unerldsslich. Mit
meinem Wissen iiber diese Technik habe ich zu mehreren weiteren Projekten beige-
tragen. Wahrend sich die ersten Projekte auf anorganische Materialien bezogen,
werden im zweiten Teil dieser Arbeit auch organische und organisch-anorganische

Verbundmaterialien charakterisiert.

Das erste Projekt befasste sich mit ampholytischen Polymeren. Diese einzigar-
tige Klasse von Polymeren weist eine Wasserstoffbriickenbindungs-Donor- und -
Akzeptorgruppe pro Wiederholungseinheit auf und verfiigt daher iiber eine hohe
Dichte an funktionellen Gruppen. Vier verschiedene ampholytische Polymere wur-
den mittels Infrarotspektroskopie und der photoakustischen Methode untersucht.
Es wurde nachgewiesen, dass die Warmeleitfadhigkeit mit zunehmender Stérke der
Wasserstoftbriickenbindungen im Polymer zunimmt. Aufgrund der funktionellen
Gruppen wurden die Eigenschaften der Polymere durch Feuchtigkeit beeinflusst. Die
resultierenden Eigenschaften konnten durch Mischungsmodelle gut erklart werden.
Ich unterstiitzte dieses Projekt, indem ich modulierte DSC-Messungen durchfiihrte,
um die Glasiibergangstemperaturen der Polymere im feuchten Zustand zu bestim-

men.

In den beiden anderen Projekten wurden die anisotropen thermischen Eigenschaften
von zweidimensionalen Bragg-Stapeln untersucht. Bragg-Stapel bestehen aus aus-
gerichteten Nanopldttchen, deren Abmessungen in der Ebene im Mikrometerbereich

liegen, wiahrend die Dicke in Richtung der Querebene nur wenige Nanometer betrigt.



Als Plittchen wurden Hectorit und Graphenoxid verwendet. Die Wérmeleitfahigkeit
in der Ebene war bei beiden Materialien deutlich héher als die Warmeleitfahigkeit
in der Querebene. Die Warmeleitfahigkeit in der Ebene der Hektoritstapel war
hoher als die der Graphenoxidstapel. Folglich war das Gesamtanisotropieverhalt-
nis um das 2- bis 3-fache hoher. In einer weiterfithrenden Studie wurden Hek-
toritplattchen mit Polyvinylpyrrolidon (PVP) mit extremem Polymereinschluss und
perfekter Periodizitét geschichtet. Zunehmende PVP-Volumenanteile fithrten zu
Basalabsténden im Bereich von 1.9 bis 3.8 nm. Der dominierende Einfluss der PVP-
Hektorit-Grenzflachen fiihrte zu einem drastischen Riickgang der Wérmeleitfahigkeit
tiber die Ebene von 0.09 W/mK im Vergleich zu den reinen Materialien 0.17 W/mK
fir PVP und 5.71 W/mK fiir Hektorit. Ein klassisches paralleles Mischmodell konnte
die thermischen Eigenschaften in der Ebene beschreiben, einschliefSlich Dichte, spezi-
fischer Wéarme und Wérmeleitfihigkeit. Insgesamt fiihrte die strukturelle Perfektion
dieser Proben zu einer auflergewhnlich hohen Anisotropie der Warmeleitfahigkeit.
Fiir beide Projekte habe ich alle erforderlichen DSC-Messungen durchgefiihrt, um die

spezifische Warmekapazitéit aller Materialien und Verbundstoffe zu bestimmen.

Diese Arbeit zeigt, wie schon es ist, mit kolloidalen Bausteinen zu,spielen“und so die
Zahl der zuginglichen Materialien und Strukturen zu erweitern. Das Verstandnis der
thermischen Struktur-Eigenschafts-Beziehung hilft bei der Entwicklung mafigeschnei-
derter Materialien fiir das Warmemanagement. In Zukunft konnte diese Forschung
dazu beitragen, thermische Herausforderungen zu lésen, z. B. bei Isolationsanwen-

dungen und Wérmesenken in elektronischen Geréten.
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Introduction

1.1 Motivation

I don’t know anyone who never enjoyed playing with interlocking bricks. They have
a variety of shapes and colors. It is possible to stack the bricks from a jumbled
bunch into an endless number of geometries. In the end, every object has different
properties regarding the three-dimensional structure, mechanical stability, color

pattern, or functionality.

In the last years, the size of my bricks has been a million times smaller. The shape
changed from rectangular to mainly spherical, and instead of different colors, I worked
with different materials, like organic polymers and inorganic silica, titania, graphite,
and clay. However, the concept stayed the same: The combination of different
shapes, sizes, materials, and superstructures, opens up new material properties for

various applications.

This thesis focuses on the thermal properties of different nanoscopic materials and
their superstructures. Fundamental knowledge about these systems is necessary to

improve the thermal management in our everyday life:

e in insulating materials for buildings, automobiles, and aerospace components;

From

e R

To
=X I =
o — o

Fig. 1.1: From interlocking bricks in the size range of centimeters to (colloidal) superstruc-
tures in the nano- and micrometer size range.
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e in thermally conducting materials, used in heat sinks to dissipate waste heat

from electronic devices, in (flexible) electronics, and solar cells!!l;

o in materials that can direct the heat flow for more sophisticated applications

in information, communication, and energy storage technologies2:[3].

For all applications, it is important to find materials that are accessible in sufficient

amounts and that have easy processability.

A standard example for highly insulating materials is silica aerogel.l¥! The drawback
of this material is the need for a supercritical drying step. Easier manufacturing
and the advantage of defined pore sizes is offered by assemblies of hollow silica
particles. Since hollow silica particles are stable up to at least 950 °Cl®!| the option in
high-temperature applications is addressed in this thesis (Chapter 7). Furthermore,
the thermal properties of binary assemblies of hollow silica particles are characterized
(Chapter 8).

For the thermal management of electronic devices, materials with a high thermal,
but low electric conductivity are required. This can be achieved by either adding
filler materials to low conducting polymers or by polymer processing. Disadvantages
of composite materials are increased material costs and a change in the electrical
and optical properties. Polymer processing increases the chain orientation and
crystallinity of the polymers and, therefore, the conductivity in one specific direction.
For this purpose, special fabrication techniques, like electrospinning and mechanical
stretching, are required.l)' Amorphous polymers with improved interchain inter-
actions have been designed and evaluated in the past years to circumvent these
problems.[78] One contribution to this field of research is presented in this thesis.
The humidity-dependent thermal conductivity and interchain interactions of several

amorphous ampholytic polymers are examined in Chapter 9.

Even more advanced are materials that can direct the flow of heat in a specific
direction. This property is provided by two-dimensional materials, like graphene
and hexagonal boron nitride. Both materials additionally offer good mechanical
flexibility.l”) So far, synthetic clay was barely noticed in the field of thermal manage-
ment, despite offering high aspect ratios, outstanding mechanical properties'?, and
a low cross-plane thermal conductivity!*]. This gap was closed by two publications,
shown in this thesis. The first publication examines the thermomechanical properties
of hybrid Bragg stacks made of alternating synthetic hectorite and polymer layers
(Chapter 10). The second publication compares synthetic hectorite to graphene
oxide samples (Chapter 11). Both works reveal the outstanding anisotropy of the

thermal conductivity of synthetic hectorite.

Chapter 1 Introduction



The above-mentioned projects show the variety of the interesting thermal properties
that can be achieved when “playing” with different materials with dimensions in the
nanoscale. This fundamental research may open ways for new materials for thermal

management devices in the future.

As the last point, some words about the structure of this thesis. The following
section gives a theoretical introduction to the two relevant scientific fields combined
in this thesis. On the one hand, colloidal particles and their assemblies and, on
the other hand, thermal transport. After the introduction, the synthesis of various
organic polymer and inorganic hollow colloids is described in Chapter 2, representing
my approach to nanoscale bricks. The three main characterization methods used in
this work are discussed in the Methods part (Chapter 3). This is followed by an
overview of the six publications included in this thesis and my specific contributions

in Chapter 5. The individual publications can be read in Chapters 6 - 11.

1.2 Colloidal Particles & Assemblies

Thomas Graham was the first who used the term colloid in 1861 for substances that
“are held in solution by a feeble power” and are not able to penetrate membranes.!*?
Today, colloids or colloidal systems are defined as two-phase systems, where one
phase is in the order of 1 nm to 1 pm and is dispersed in another phase. One has
to distinguish between the dispersed (inner) phase and the dispersing (external)
phase. Each phase can be gaseous, liquid, and solid, which results in eight possible
combinations. Typical examples can be found in nature: clouds (liquid-gas), milk
(liquid-liquid), and butter (liquid-solid). Furthermore, colloids are characterized by
a large surface-to-volume ratio, which is why their behavior is mainly determined by
the interfacial properties. In contrast, gravity and inertia play a subordinate role in

colloidal science. 13!

1.2.1 Materials and Shapes

Colloidal particles and their assemblies can be used for various applications in the
fields of fundamental physics, materials science, energy transport, and (bio)sensing.[M]
In 1857, Michael Faraday synthesized the first gold nanoparticles in a scientific way. %!
Since then, a countless number of different sizes, materials, and shapes have been
developed. Figure 1.2 shows some examples of various nanoparticles to give an
impression of their variety. The colloids are classified by their materials in inorganic,

organic, and composite particles.

1.2 Colloidal Particles & Assemblies
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composites ) organic
core-shell

Fig. 1.2: Several nanoparticles exhibiting different materials, shapes, and sizes. a) TEM
image of silver particles. Adapted with permission from Hummel et al.l'®l Copyright
The Authors. b) TEM image of gold rods. Adapted with permission from Tebbe et
al.l7l Copyright 2014 American Chemical Society. ¢) TEM image of silver cubes.
Adapted with permission from Yu et al.l'®! Copyright 2004 American Chemical
Society. d) SEM image of silica particles. Adapted with permission from Gao et
al.l' Copyright 2016 The Authors. ¢) SEM image of titania particles. Adapted
with permission from Eiden-Assmann et al.[?°l Copyright 2004 American Chemical
Society. f) TEM image of zinc oxide particles. Adapted with permission from
Ehlert et al.?Y Copyright 2013 Elsevier. g) SEM image of Au@Ag core-shell cubes.
Adapted with permission from Gémez-Graiia et al.l??l Copyright 2013 American
Chemical Society. h) TEM image of Au@PNIPAM core-shell particles. Adapted
with permission from Liz-Marzén et al.?3] Copyright 2008 WILEY-VCH Verlag
GmbH & Co. KGaA. i) TEM image of PS@PNIPAM core-shell particles. Adapted
with permission from Yuan et al.l24l Copyright 2016 Springer Science Business
Media New York. j) SEM image of PS particles. k) TEM image of PNIPAM
hydrogel particles. Adapted with permission from Widmann et al.?® Copyright
2019 American Chemical Society. 1) TEM image of Poly(styrene-b-2-vinylpyridine)
diblock copolymers. Adapted with permission from Jang et al.l*6] Copyright 2013
American Chemical Society.

Gold27:28] and silver['9:[29] are often used materials for metal colloids. Because of
their atomic structure, it is possible to synthesize these particles in different shapes,
like rodsl 73 wiresB31:32 and cubes™8:33] Silicall9-34 and titanial20-3% are the
most representative materials for metal-oxide colloids. More examples are copper

39 These particles are

oxidel% | cerium oxideB37; iron oxide, and zinc oxidel2!:[38)
attractive because of their plasmonic and catalytic properties. Furthermore, they

are used in the medical field for diagnostic and therapeutic interventions. 4"
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Organic colloids typically consist of polymers and can be divided into hard and soft
colloidal particles. Typical hard spheres are made from poly(methyl methacrylate)
or polystyrene and could be used for the assembly into colloidal crystals used for
optical and thermal applications.*¥ More complex, conjugated polymer particles are

42 Tn contrast to the hard particles, soft colloids

used in colloidal crystal lasers.*)
are nano- or microgels. They are typically made from acrylamide monomers with
poly(N-isopropyl acrylamide) (PNIPAM) being the most prominent one, shown in
Figure 1.2k. One characteristic of soft colloids is their possibility to respond to
external stimuli, like temperature, pressure, pH, and ionic strength. Because of their
biocompatibility, the particles could be used for example in sensors, drug delivery

441 Another class of organic

applications, and cell and tissue engineering.[25:143];
colloids are association colloids that consist of self-assembled surfactant molecules or
block copolymers. Due to microphase separation, lamellar morphologies are created
from the different polymer blocks. With this concept, anisotropic particles can be

synthesized, which is shown in Figure 1.21.[261:[45]

Inorganic and organic materials can be combined to tailor the optical, electrical,

[46] These composites often

thermal, mechanical, magnetic, and catalytic properties.
exhibit core-shell structures, as shown in Figure 1.2g,h,i. There are inorganic-
inorganic combinations, such as metal@metal (Cu@AuW], Pt@Ault7, Au@Agm]),
metal@metal-oxide (Ag@SiOy and Au@SiO, #8159 and metal-oxide@metal (SiOo@-
Ag, SiO2QAu, SiOg@Cu[m). Examples for organic-organic combinations are poly-
styrene cores with PNIPAMP24 and poly(ethyl acrylate)[“r’z} shells. To achieve
inorganic-organic composites, metals and metal-oxides are coated with different

[16],[23],[38], [43], [53]-[55] Qrganic-inorganic composites are the

hard and soft polymers.
central material of this thesis. Often PS cores with different functionalities are
coated with metal-oxides, like Si0556:57 and Ti0,P8-169 or metals, like Ag and
Aul61:062] They can be converted into hollow inorganic particles through removal of
the organic core. Classically, the organic core is dissolved or removed by calcination.
For SiOy and TiOs, the calcination step additionally promotes the condensation
process and therefore increases the cross-linking, which makes the particles resistant

to elevated temperatures.

1.2.2 Synthesis of Colloidal Particles

There are two possible ways to obtain colloidal systems: the top-down and the bottom-
up approach. As the names imply, the matter is structured from larger to smaller
length scales in the physical top-down approach. Typical top-down approaches are
the more “crude” methods, like milling and grinding of bulk materials, who offer
very little control over particle size, size distribution, and shape. More advanced

approaches are the hard-template method, which is used to prepare nanowires, -tubes,

1.2 Colloidal Particles & Assemblies
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and -rods, the microfluidic particle fabrication, particle stretching, photolithographic
or imprint lithography methods, and particle replication in nonwetting templates.
By all these methods, a broad variety of different particle shapes, sizes, and surface

[63] Within this thesis, the bottom-up approach is used. In

properties is accessible.
this approach, particles are fabricated starting from building blocks at the molecular

level.[14]

There are various methods for the bottom-up synthesis of colloidal particles. As
shown in Figure 1.2 it is possible to synthesize colloidal particles in different shapes.
However, the spherical shape is preferred and driven by the minimization of the
interfacial energy.[*6! To achieve different shapes, specific synthetic requirements, like
microfluidics, or post-treatments, such as stretching, are needed.[84-1671 Furthermore,
core-shell or hollow particles can be prepared by combining different synthesis

methods.

Inorganic particles are typically synthesized by precipitation and sol-gel processing. 68!
The precipitation method involves an (electro-)chemical reduction step of metal
cations and leads to metal nanoparticles. Metal-oxides are typically prepared by a
sol-gel process, that requires a hydrolysis and condensation step of alkoxide-based
precursors. The most prominent one is the Stéber process for the synthesis of silica
nanoparticles from the precursor tetraethyl orthosilicate, which was first published
in 1968.534

Organic particles are typically synthesized by emulsion, suspension, and dispersion
polymerization. These techniques mainly differ in the solubility of monomer and
initiator in the solvent. Emulsion polymerizations can be divided in classical-, mini-,
micro-, and emulsifierfree emulsion polymerizations. All have in common that the

[72] In

monomer is insoluble, while the initiator is soluble in the used solvent.[69~
the suspension polymerization, the initiator is soluble in the monomer, while both —
monomer and initiator — are insoluble in the solvent.[™ Dispersion polymerization

is characterized by a solubility of monomer and initiator in the solvent.[™

This thesis avails itself of dispersion and emulsifier-free emulsion polymerization for
the synthesis of polymer particles in different size ranges and the sol-gel process
for the synthesis of silica and titania shells. Therefore, details of the corresponding

mechanisms can be found in the Materials section in Chapter 2.

The underlying concept for the synthesis of colloidal particles is a nucleation and
growth mechanism. It was first described by LaMer in 1950 and is divided into three
steps.[™! (I) A rapid increase in the concentration of the free monomers in the solution
until a certain degree of supersaturation is achieved. (II) Fast nucleation reduces

the free monomer concentration in solution significantly, and therefore, stops the
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nucleation process. (III) A growth step, that can be either described by the Ostwald
ripening, digestive ripening, or coalescent attachment of several nuclei.["® (78 The
polydispersity index, PDI=0/d, with ¢ being the standard deviation of the particle
size, d, is a measure for the uniformity of the colloidal particles. The dispersity is
strongly dependent on the degree of supersaturation in the nucleation phase and
the nucleation time.[™ In order to make colloidal crystals, monodisperse systems
with a PDI<5 % are required.[™!

1.2.3 Colloidal Assembly

Three-dimensional colloidal assemblies are typically prepared from particle disper-
sions by increasing the solid volume fraction, ¢. Already in 1986, Pusey and Megan
showed the influence of ¢ on the colloidal superstructure and developed an empiric
phase diagram of colloidal dispersions.[® Later, more research and calculations
have been performed on phase diagrams of the equilibrium liquid and crystalline
82]-[84]

states™:B1:82] and the non-equilibrium supercooled and glassy states! Fig-

ure 1.3 shows the different phases that a colloidal system can occupy, dependent on

®.
(I)freeze d)cryst (I)g (I)rcp (I)hcp (I)
i ! } >

Fig. 1.3: Phase diagram of monodisperse hard spheres as a function of the volume fraction,
¢, and exemplary SEM images. The solid arrows show the equilibrium stages and
the dashed arrows the non-equilibrium states. %!

Below the freezing point, ¢frecse, the dispersion is liquid, above ¢yt it is crystal-
lized into stable face-centered-cubic (fcc) or body-centered-cubic (bece) solids. In
between the two phase boundaries a coexisting phase is found.8B5 The exact
phase boundary values depend strongly on several parameters, like the particle
diameter, the repulsive Yukawa pair potential, and the Debye length, which is
dependent on the salt concentration and temperature.['3:81 The upper limit of the
solid volume fraction is ¢y, = 0.74 which is given by the hexagonal-close-packaging

of monodisperse particles (Figure 1.3d).
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The crystallization process of colloidal particles is not only influenced by ¢, but it is
also strongly influenced by a complex interplay of attractive (e.g. Van der Waals,

capillary) and repulsive (e.g. steric, electrical double layer) forces.[®!

However,
the nucleation-and-growth process changes with increasing ¢. Near (feeze, the
particle diffusion leads to formation and dissolving of nuclei. When a random
nucleus overcomes the free energy barrier and exceeds a critical size, it further
grows into a stable crystallite. At higher ¢, the free energy barrier is reduced
or non-existent, leading to the simultaneous nucleation and growth of multiple

crystallites.[79:[82[87]

In order to get supercooled and glassy structures, ¢ has to be increased fast enough
to avoid crystallization. The supercooled region lies between ¢freese and ¢g = 0.58,
whereas the glassy region is limited by the random-close-packaging boundary, ¢, ~
0.64 (Figure 1.3b). Above ¢rcp, the structure must at least exhibit crystalline

domains, or ideally be entirely crystallized (Figure 1.3c).

There are various methods for the three-dimensional colloidal assembly into crys-

talline and glassy structures!'4:

o Colloidal crystals are achieved by (static) vertical lifting deposition!88h59

9] " evaporation induced self-assembly®1-193] centrifugation!®¥ and

doctor blading!951196].

multilayers!

e Colloidal glasses are achieved through mixing of different particle diameters to

generate a certain degree of polydispersity (> 6 %).[8551971198]

[991,1100] " spyray deposi-

¢ Both structures can be achieved, using electro deposition
tion011102 and filtration[93-1105] In the last case, especially the speed of

the process and the particle density define the resulting structure.

The resulting structures can then be characterized concerning their optical, mechan-

ical, and thermal properties.

1.3 Thermal Transport

Thermal properties is a collective term that describes all material’s properties that
are functions of temperature or heat. Examples are the thermal conductivity, thermal
diffusivity, thermal expansion, heat resistance, specific heat, glass transition and

melting temperature.
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According to the zeroth law of thermodynamics, two systems that are in a thermal
equilibrium state among each other, have one collective property - they have the
same temperature. Whenever there is a temperature difference in a medium or
between different systems, the systems aim to achieve an equilibrium state. Thereby,
the heat is always transferred from the hot to the cold side, which is described by

the second law of thermodynamics. 196!

There are three different types of heat transfer processes: conduction, convection,
and radiation. Figure 1.4 illustrates the different types. Conduction refers to heat

transfer across a stationary medium, which can be a solid, fluid, or gas. Convection

includes a surface and a moving fluid or gas that are at different temperatures.

Radiation is the term for electromagnetic waves that are emitted from surfaces of

temperatures >0K. The heat flux ¢” [W/m?] is defined as the energy flow per unit
[107]

area.

Hereinafter, conduction and radiation as thermal transport processes are discussed
in more detail. Convection of the gas phase does not play a significant role in the
thermal properties of colloidal systems, because it is negligible for pore sizes below

4 mm.92931.[108] Therefore, convection will not be discussed in this thesis.

conduction convection radiation
T>T, T>T,
T, T, moving gas
or fluid, T, N
g,
—_— 4
q — . VIV T
_> "
7 T IR 24 T
[ |

Fig. 1.4: Heat transfer processes: conduction, convection, radiation.[!07]

1.3.1 Physical Fundamentals of Thermal Transport

Conduction

For a conduction process the transfer rate of the heat flux is given by Fourier’s law.
The most simple case — the one-dimensional heat transport — is shown in Figure 1.4
and is expressed by Equation 1.1. A temperature difference causes a heat transfer
in the z direction with the measurable heat rate ¢,. The heat flux, ¢, is given by
the heat transfer rate in the = direction per unit area, A. It is proportional to the

temperature gradient d7T'/dz.

v 4z ar

= = —Kk—. 1.1
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The parameter x [W/m-K] is the thermal conductivity, a material-dependent
transport property. According to Equation 1.1, the conduction heat flux increases

with increasing thermal conductivity for a given temperature gradient.!07]

An other important property in heat transfer analysis is the thermal diffusivity, o,
which describes the ability of a material to conduct thermal energy relative to its
ability to store thermal energy. The thermal energy storage capability is described
by the volumetric heat capacity [J/m? - K], being the product of density, p, and

specific heat capacity, cp. Therefore, the thermal diffusivity is expressed as:

K
o = .
p-cp

(1.2)

The larger the thermal diffusivity, the faster is the response to a change in the
thermal environment. The smaller the thermal diffusivity, the longer it takes for a

material to reach a new equilibrium state.

How do the material properties influence the thermal conductivity? This may
be explained by an atomic model. The solid may be described by a lattice of
periodically bound atoms and free electrons. Consequently, the thermal energy
may be transferred through transport of the electrons and lattice vibrational waves.
Described in a quantum mechanical way, lattice vibrational waves are quasi-particles
and termed as phonons. Therefore, the thermal conductivity can be expressed by

the kinetic theory for both, electrons and phonons:
1
K= gCUVAmfp, (1.3)

where C, is the electron or phonon specific heat per unit volume, v is the mean
electron or phonon sound velocity, and A, is the electron or phonon mean free
path. The mean free path is a measure for the average distance that is travelled
by an electron or phonon between consecutive collisions. With increasing mean
free path of the energy carrier, the thermal conductivity increases. Yet, it can
be affected by scattering events, that redirect the direction of the energy carrier’s
propagation. This effect occurs when a particle impinges upon the other particles,
imperfections, impurities, grain boundaries, dopants, and material boundaries.[109
Boundary scattering becomes important when the dimension of the structure is
in the size range of the mean free path, like in thin films, polycrystalline, and

nanostructured materials.

The thermal conductivity of a solid is composed of the electron and phonon thermal
conductivity:
Ks = Ke + Kpho- (1.4)
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According to the Wiedemann-Franz law, . is proportional to the electric conductivity

of a material.[106]

In metals that have a high electric conductivity, . is dominating
the heat transfer.'1% In contrast, dielectric materials with high electric resistivities
have low contributions of k.. In that case, the thermal conductivity is primarily
dominated by kpno, which is dependent on the regularity of the atomic lattice.
Therefore, the thermal conductivity of crystalline non-metals is higher than that
of amorphous materials, which could be described as crystals with extremely high

defect density.[!!]

Figure 1.5 shows the temperature dependence of the thermal conductivities of silver,
silicon, and fused silica as exemplary materials for metals, crystalline dielectrics, and
amorphous dielectrics, respectively. The thermal conductivity of metals, being k.-
dominated materials, decreases with increasing temperature. The higher temperature
leads to a stronger movement of the core atoms, which increases the number of
collisions and therefore decreases the mean free path. In the case of kp,o,-dominated
materials, one has to distinguish between crystalline and amorphous structures. The
temperature-dependent behavior of crystalline, dielectric materials is split into two
regimes, with a maximum at 7'~ ©p /10, with ©p being the Debye temperature.
Below ©p /10, only a few phonon modes are thermally excited. Therefore, scattering
events happen rarely, and the mean free path is long. Consequently, the thermal
conductivity is dominated by the specific heat of the material. According to Debye’s
temperature law, the specific heat, and therefore the thermal conductivity, in
crystalline materials increases with a scaling law of T3 for T' < ©p/10. Above
©p/10, the phonon density increases, leading to more phonon-phonon scattering
events. As a result, the phonon mean free path gets smaller, and its influence
outweighs the impact of the increasing heat capacity, and therefore, the thermal
conductivity decreases.!''2:[113] The phonon mean free path of amorphous, dielectric
structures is very short because of the lack of atomic order. In an extreme case, the
mean free path is only limited by the disordered nature of the structure and could be
seen as independent of phonon wavelength and density above 270 K. Consequently,
the thermal conductivity is proportional to the heat capacity of the material that

increases with increasing temperature.[lm]

So far, the focus has been on the thermal properties of solid matter. The following
paragraph will discuss the thermal properties of fluids, focusing on the gaseous state.
In this case, the intermolecular spacing is larger, leading to a random molecule
motion. Therefore, the gaseous thermal conductivity is expressed by the kinetic gas

theory:

1
Rg = ngPVAmfp (15)

In this case, v is the mean molecular speed, that is direct proportional to the

temperature and indirect proportional to the molecular weight. p is the gas density,
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Fig. 1.5: Temperature-dependent thermal conductivities of silver!*5! silicon!*'%!, and fused

silicall071.[116] 45 examples for metals, crystalline dielectrics, and amorphous di-
electrics.

and Ap,g is the mean free path of the gas molecules. It can be calculated by the

Maxwell Equation:
kT

\/iﬂpdgas ’

with the Boltzmann constant, k£, and the gas molecule diameter, dg.s. In Figure

Anp = (1.6)

1.6, the temperature and pressure-dependent mean free paths of nitrogen, helium,
and carbon dioxide, as three exemplary gasses, have been calculated. The data
illustrates, as follows from Equation 1.6, that Ay, is directly proportional to the

temperature and indirect proportional to the pressure of the system.[00]

500 v 10° =
1— He 3
450—_ — N, 108_g
E 4001 — co, E 107
s 350 - £ 10°
S 300 - & 05 ]
8 250 8 41
§ 200 —+ § ,
£ 150 2 10° 4
100 - 102 +
50 10" e

— 1 T T ' T T T 1 (R LA b B IR
200 400 600 800 1000 1200 0.001 0.01 041 1 10 100 1000
temperature / K pressure / hPa

Fig. 1.6: Temperature (@1013 hPa) and pressure (@298.15K) dependent mean free path of
nitrogen, helium, and carbon dioxide.

Ay strongly affects the gaseous thermal conductivity, especially when the dimen-
sions of the system get smaller. The Knudsen number, K, is a dimensionless number
used to predict the thermal behavior of the gas phase. It is defined as the ratio of
the mean free path of the gas and the dimension, d, of the enclosure:

Amfp

K, = 0 (1.7)
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When K,, < 1, the thermal conductivity is dominated by molecule-molecule collisions
and thus it can be calculated using Equation 1.5. In contrast, when K, > 1, the
mean free path of the gas molecules is much larger than the dimension of the
enclosure. In this case, the thermal conductivity is dominated by molecule-interface
collisions. Due to the partial elastic reflection of the gas molecule, less thermal energy
is transferred to the interface. Consequently, the thermal conductivity decreases

with decreasing enclosure dimensions.!*!7)

Radiation

In contrast to heat transfer by conduction, radiation takes place without a temper-
ature gradient and matter transporting the heat. Invariably, it is emitted by all
forms of matter that have temperatures above 0 K. It can be described either as
propagating particles, termed photons, or as propagating electromagnetic waves.
These are generated by oscillations due to the internal energy of matter, which are
emitted from the surface. The emissive pover, E [W/m?], describes the rate at

which energy is released per unit area. It is calculated by the Stefan-Boltzmann law:

E =ceoT?, (1.8)

with T being the surface temperature, o being the Stefan-Boltzmann constant,
and € being the emissivity. It is the ratio between the radiation emitted by a real
surface and the radiation emitted by an ideal blackbody at the same temperature.
Consequently, it can have values between 0 < ¢ < 1. The smaller € gets, the less

efficient is the energy emitted.[!8]

The emitted radiation intensity varies continuously with the wavelength, A\, and is
described by the Planck distribution in the case of an ideal blackbody, expressed by
2hck

Do T) = N[exp(heo /AKT) — 1] (1.9)

h, and k are the universal Planck and Boltzmann constants, respectively, cg is
the speed of light in vacuum, and T the surface temperature. Figure 1.7 shows
the Planck distributions for several temperatures. Generally, thermal radiation is
emitted in the ultraviolet, visible, and infrared region of the wavelength spectrum,
more precisely between 0.1 and 100 pm. With increasing surface temperature, the
magnitude of the emitted radiation increases and the maximum intensity shifts to
shorter wavelengths. The temperature-dependent wavelength of the maximum of

the radiative emission can be calculated by

O 2898 umK

max — o — 1.1
A T T (1.10)
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Fig. 1.7: Spectral blackbody emissive power at several temperatures. The shift of Ay
according to the Wien’s displacement law is denoted by the green line.[197]

which is called the Wien’s displacement law and denoted by the green line in
Figure 1.7. At 5800 K, the surface temperature of the sun, the maximum of the
emitted radiation is predominantly in the visible region of the electromagnetic

spectrum, whereas at room temperature it is solely in the infrared region.

Besides the spectral effects, the emitted radiation also exhibits a directional distri-
bution. All together, the radiative emission is strongly dependent on the surface

material, finish, shape, and temperature.

In the following, the radiative exchange between two surfaces is considered. All
surfaces with temperatures above 0 K exchange heat by radiation. For two parallel
and ideal blackbody surfaces, the net heat exchange, ¢, from body 1 to body 2 is
given by

q=0cA (T} —T3). (1.11)

For non-ideal systems, Equation 1.11 has to be extended to
q = O'Al./—"l_g(Tfl - T24), (1.12)

with F1_o being a factor that is effected by the view factor and the emissivity of
the surfaces. Hereby, the view factor takes into account that only a fraction of

energy leaving body 1 intercepts with body 2.1'2 This shows that the radiative heat
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transfer between two or more surfaces is a complex interplay between the radiative

properties of the individual surfaces and their geometries and orientations.

Mixing Models for Hybrid Structures

The effective thermal conductivity of nanostructured materials depends on the
composition, the involved interfaces and the mutual orientation of the components.
Mixing models have been widely used to estimate the effective thermal conductivity.
Up to now, several mixing models have been proposed for different heterogeneous or
composite materials. The five basic binary mixing models are shown in Figure 1.8.

The parallel and series models take no interfacial thermal resistances into account

\
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Fig. 1.8: Relative effective thermal conductivities for five basic binary mixing mod-
els. [119],[120]

and give the upper and lower bounds for the effective thermal conductivity with
regard to the direction of the heat flow. Knowing the thermal conductivities of the
single components, k12, and the volume fraction of component 2, vo, the boundary

values are provided by:

Parallel model: Kk, = (1 — v2)k1 + vaK2 (1.13)

1
(1 — Ug)/lﬂ —i—’l)Q/HQ

Series model: k. = (1.14)

For materials that are macroscopically homogeneous, isotropic and consist of two

phases, the Maxwell-Eucken models are applied. In this case, one has to distinguish

two cases. When the thermal conductivity of the continuous phase is higher than

1.3 Thermal Transport
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that for the dispersed phase, the effective thermal conductivity is close to the parallel

model and described by

2k1 + ko — 2(/@1 — KQ)UQ
2k1 + ko + (K1 — K2)vg

Maxwell-Eucken 1: k. = K1 - (1.15)

When the thermal conductivity of the continuous phase is smaller than that of the
dispersed phase, the effective thermal conductivity is expressed by

269 + K1 — 2(%2 — K}l)(l — UQ)
2ko + k1 + (ko — k1)(1 —v9)

Maxwell-Eucken 2: k. = kg - (1.16)
In the case, the two components of a heterogeneous material are randomly distributed,
the Effective Medium Theory is applied. It describes a system where no phase is

necessarily continuous or dispersed. Depending on the relative amounts, either

component may form continuous thermal transport paths.[1195120]
1
EMT: k. :Z((?,UQ — Dk + (3(1 — v2) — 1)k1
+ \/[(31)2 — ka2 + (3(1 —v9) — 1)%1]2 + 8%1%2) (1.17)

1.3.2 Thermal Insulation

Thermal insulation is still a big challenge in everyday life, for example in buildings,
automobiles, and aerospace components. Since 1931, aerogels have been researched
and optimized for thermal applications.'?!] According to the TUPAC definition,
aerogel is a “gel comprised of a microporous solid in which the dispersed phase
is a gas.”122l Typical backbone materials are carbon and silica. Its low thermal
conductivity, high melting temperature, and chemical inertness make silica suitable
for thermal insulation applications. A further advantage of silica is the natural
abundance and the possibility to recycle it after usage. These properties make
aerogels superior to conventional insulation materials, like mineral wool and expanded
polystyrene. Furthermore, aerogels with thermal conductivities down to 12 mW /mK
are more efficient than conventional insulation materials, with thermal conductivies in
the range of 30-40 mW /mK. Consequently, less material is needed and the insulation
layers get thinner.'23] However, the fabrication of acrogels needs a supercritical
drying step, resulting in high production costs. Furthermore, the material is very

fragile and may lead to puncturing.[*24

Therefore, an emerging field of study is the research on insulation materials based on
hollow silica spheres in the sub-micrometer region. Due to the controllability of pore
sizes, shell thickness, and superstructures, the determination of structure-property

relationships is simplified, compared to aerogel materials. A further advantage is
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the easier fabrication that only needs a calcination process to achieve the hollow
structure, compared to a supercritical drying step for aerogel fabrication. In 2011,
Liao et al. determined the thermal conductivity of hollow sphere powders by the

3w-technique.[129]

Since then, much research has been done by the groups of Tao Gao
and Markus Retsch.[P1:(57):(124],[126],[127] B¢} groups published consistent results with
thermal conductivities down to 20 mW /mK. The main difference of both groups was
the shell structure: while the group of Gao had raspberry-like shells, the group of

Retsch worked with smooth, and therefore structurally more well-defined, shells.

In the following, more details of the thermal properties at ambient and high tem-
peratures are discussed for both - aerogel and hollow particle materials. According
to Du et al., aerogels have densities between 1 and 1000 kg/ m?.[4 Hollow particle
assemblies have densities between 180 and 883 kg/mS.[57] Therefore, the hollow
particle materials can be categorised as high-density aerogels and it can be assumed

that the main trends are valid for both materials.

Thermal Transport in Porous Matter and Particulate Systems

Nano-structured, particulate systems and porous matter can be classified as com-
posite materials because they consist of a solid and a gaseous phase. In that case,
the total thermal conductivity is determined by the solid and gaseous conduction,

and radiation processes.

Ktot = Ksolid + Kgas 1 Kradiation (1'18)

As mentioned above, convection processes do not play a significant role in pore sizes
below 4mm.[1%! The contribution of radiative heat transfer can also be neglected
for temperatures below 50 °C. This was shown experimentally and theoretically by
different studies. Herrmann et al. compared the thermal conductivities of pure and
opacified silica aerogels and did not see a significant difference between the samples

128]-

at ambient temperatures.! 130] Tndeed, a decreasing influence of radiative thermal

transport with increasing material density was found.[!3!

At ambient temperatures, solid and gaseous conduction dominate the heat trans-
port.[132 With decreasing amount of solids in a sample, the thermal conductivity
decreases, because the propagation of heat is restricted to the chains in the tenuous
structure. Density-dependent thermal conductivity measurements on aerogels with
densities between 50 and 250 kg/m?® showed that the solid conduction is propor-
tional to p!6.133 Furthermore, the solid conduction is determined by the contact
points of the nanoparticles that build up the material. In the case of an aerogel,

the solid backbone is made of interconnected silica particles with diameters below

1.3 Thermal Transport
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10 nm.127LA34LA35] 1y contrast, particulate systems consist of particles having 100
times larger diameters. In both cases, the area and amount of the contact points
strongly influence the thermal transport. The contact area of particles can be
calculated using the Hertz theory. An increase of the thermal conductivity with
increasing contact area was shown experimentally in different ways. Ban experimen-
tally compressed particle beds with increasing loading pressures and determined
the resulting thermal conductivities.!36L[137 A different approach was applied by
Nutz et al., who heated polymer particles above the glass transition temperature
to increase the contact area without increasing the number of contact points.[*38!
The influence of the number of contact points was shown by Nutz et al. A switch
from crystalline to disordered structures through binary particle mixtures leads to
a decreasing number of next neighbors of a single particle and increasing relative
streamline length. Therefore, the thermal conductivity drops with a reduced number

of contact points. [97]

Gaseous conduction takes place in the aerogels’ pores or in and between hollow
particles. Various groups researched the influence of gas pressure on the thermal
transport of these materials. Collectively, increasing thermal conductivities with

increasing gas pressures have been found.57:[1271[129],[133],[139] 59

is in good agree-
ment with the theory explained in the previous section. With increasing gas pressure,
the mean free path decreases, which opens additional diffusion pathways through the
gaseous phase (Figure 1.6). Furthermore, the gaseous conductivity is dependent on
the gas species and pore size, which has been described in Chapter 1.3.1. The larger
the pore size and the smaller the Knudsen number, the more heat is transported via
the gaseous phase. This was shown experimentally by Nutz et al. who determined
the pressure-dependent thermal conductivity of colloidal crystals in air and helium
atmosphere. The colloidal structure exhibited pore sizes of 57-151 nm, the mean
free path of air and helium are ~ 66 nm and ~ 179 nm. Since the Knudsen number
of air was < 1, the thermal conductivity of air within the pores was almost unaf-
fected by the pore structure. In contrast, for helium the Knudsen number was > 1
and, therefore, the thermal conductivity was reduced by 50 % of its bulk value.[!38]
The decreasing thermal conductivity with increasing Knudsen number was also
experimentally and theoretically studied by Raed and Gross on ceramic insulation

materials with varying pore sizes.[140]

High Temperature Thermal Insulation

Thermal insulation materials for power plants, manufacturers, and aerospace must
be applicable at high operating temperatures. In this case two main influences have

to be considered: the gaseous conductivity and thermal radiation.
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As follows from Equation 1.5, the gaseous thermal conductivity strongly depends
on the temperature since the specific heat, mean molecular speed, and mean free
path are temperature-dependent parameters. The temperature-dependent increase
of the bulk thermal conductivities of the three gases helium, nitrogen, and carbon
dioxide are shown in Figure 1.9. As shown in Figure 1.6, the mean free path
strongly increases with increasing temperature. Therefore, the gaseous thermal
transport in confined spaces may change from a molecule-molecule-dominated to a

molecule-interface-dominated process, leading to a drop in thermal conductivity.
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Fig. 1.9: Temperature-dependent thermal conductivities of helium, nitrogen, and carbon
dioxide.141]

Additionally, increasing temperatures increase the efficiency of heat transport via
thermal radiation.'”) The effect of the temperature on the thermal radiation was
shown by Xie et al.l'¥?l While the influence of thermal radiation can be neglected
at room-temperature, it becomes the main transport path at temperatures higher
than 325°C. In Figure 1.10 the transmission of bulk borosilicate and quartz glass
is shown in comparison to black body irradiance at 25, 325, 525, 725, and 925 °C.

It can be clearly seen that the transparent window of the silica glass in the range
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Fig. 1.10: IR transmission data of bulk borosilicate and quartz glass in comparison to black
body irradiance. Adapted with permission from Neuhofer et al.l'*3] Copyright
2021 The Authors.
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of 1-5 pm coincides with the maximum radiation intensity for temperatures above
325°C. The contribution of thermal radiation should be suppressed as much as
possible to improve the aerogel’s high-temperature insulating performance. This is

achieved by the addition of opacifiers, like carbon or mineral dust, such as TiOs,
SiC, AlyO3, and Fez0,.[133)[142],[144]-[146]
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Materials

In this work, colloidal structures from silica (SiO2) and titania (TiO2) hollow particles
have been characterized. For the synthesis, polymer template particles have been
used. An overview of all different synthesis methods for colloidal particles used in
this thesis is shown in Scheme 2.1. Additional materials such as the ampholytic
polymers (Chapter 9) and hybrid Bragg stacks (Chapters 10 and 11) have been

synthesized by cooperation partners and are not dealt with in detail in this section.

Emulsifierfree Dispersion
Emulsion Polymerization Polymerization

Cationic Anionic Cationic

| " "\ |

PS PS PMMA PS
| v "\
PS@SIiO, PS@SiO, PS@TiO,

N\
‘ PS@TIO,@Ag

Polymer Particles

Shells

Sio, Sio, TiO,

Hollow
Spheres

Chapter
7.8 7.8 6,7 )

Scheme 2.1: Schematic overview of the the different synthesis methods discussed in the
materials part.

For the synthesis of polymer template particles, emulsifier-free emulsion polymeriza-
tion was used for particle diameters smaller than 600 nm and dispersion polymeriza-
tion has been used for particle diameters larger than 600 nm up to 2000 nm. Cationic
polymer particles have been used for the synthesis of PS@SiOy and PSQTiOg9 core-
shell and the corresponding hollow spheres. Furthermore, some first attempts have
been made to obtain PSQTiO,@Ag structures. In this case, the TiOy surface has
been utilized to attract the silver to the particle surface. Only a fraction of these

synthetic achievements has been included in the publications of this cumulative
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thesis. For reasons of completeness, the key synthetic procedures and main results

are summarized in the following sub-chapters.

Reagents and Solvents

The following reagents and solvents were used as received: 2,2’-Azobis(isobutyramidine)-
hydrochloride (AIBA, Sigma-Aldrich GmbH, 97 %), 2-Methacryloxyethyltrimethyl-
ammoniumchloride (MTC, Polyscience, 70 % soln. in water), Acrylic acid (AA,
Sigma-Aldrich GmbH, 99 %), Ethanol (Sigma-Aldrich GmbH, >99.8 %), Polyvinyl-
pyrrolidone K30 (PVP, Alfa Aesar, 55000 g/mol), Polyvinylpyrrolidone (PVP, Sigma-
Aldrich GmbH, 40000 g/mol), Potassium peroxodisulfate (KPS, < 99 %), Styrene
(Sigma-Aldrich GmbH, >99 %), Tetraethyl orthosilicate (TEOS, Sigma—Aldrich
GmbH, 98 %), Titanium(IV) butoxide (Sigma-Aldrich GmbH, 97 %), Ammonium
hydroxide (Fluka, 30-33 %).

Millipore water was taken from a Millipore Direct Q3UV unit (Merck Millipore) for

synthesis and purification.

Methyl methacrylate (MMA, Sigma-Aldrich GmbH, 99 % ), and n Butyl acrylate
(nBA, Sigma—Aldrich GmbH, > 99 %) were purified by filtration over an alumina

column (activated, basic, Brockmann I)

2,2’-Azobis(isobutyronitril) (AIBN, Sigma-Aldrich GmbH) has to be recrystallized
before use: >80g of AIBN is dissolved in 600 ml of pure methanol at 45°C. The
solution is slowly cooled to room temperature and the resulting crystals were filtrated
through a Biichner funnel and washed with methanol. It is dried under vacuum at

room temperature.

2.1 Emulsifierfree Emulsion Polymerization

Emulsifierfree emulsion polymerization was used to prepare polystyrene (PS) and
poly(methyl methacrylate) (PMMA) particles in the range of 180 nm to 600 nm. The
original method was published by Goodwin et al.l"? and advanced by Pia Ruckdeschel
for cationic PS particles and Fabian Nutz for anionic PS particles.®7105L138] The
synthesis of anionic PMMA and P(MMA-co-nBA) particles has been described by
Still et al. and Nutz et al.[1471[148]

The particles are synthesized by emulsifier-free emulsion polymerization of styrene or
MMA in water using the initiator 2,2’-azobis(isobutyramidine)hydrochloride (AIBA)
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for cationic particles or potassium persulfate (KPS) for anionic particles. The

synthesis consists of several steps that are exemplary shown in Figure 2.1 for cationic

particles.
° @ @ Initiator €& Monomer @ Co-Monomer
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Fig. 2.1: Scheme for the synthesis of cationic polystyrene partcles via emulsifier-free emulsion
polymerization. 149

Monomer droplets emerge through vigorous stirring of the water-insoluble monomer
in the water (1). Radicals are generated through homolytic fission of the water-soluble
initiator (2). The radicals induce the polymerization with monomer molecules in the
aqueous phase (3). When the oligomer chains exceed a certain molecular weight, they
become insoluble in water and coagulate into small micelles (4). As polymerization
proceeds further, more positively charged initiator radicals are incorporated on
the particle surface increasing the electrostatic repulsive forces. Furthermore, the
polymer chains in the particles grow by diffusion of the monomer from the droplets

in the micelles (5). Finally, stable PS particles are formed (6)./1501[151]

To increase the steric stability of the cationic dispersion, the polymer polyvinylpyrroli-
done (PVP) and the positively charged comonomer 2-methacryloxyethyltrimethyl-
ammoniumchloride (MTC) is added (Chapter 2.1.1). For anionic particles, the
comonomer acrylic acid (AA) or 4-styrenesulfonic acid sodium salt hydrate (PSS)
can be added (Chapter 2.1.2). It is also possible to vary the glass transition tem-
perature of PMMA particles by co-polymerization of methyl methacrylate (MMA)
with n-butyl acrylate (nBA), which is discussed in Chapter 2.1.3.

2.1 Emulsifierfree Emulsion Polymerization
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2.1.1 Cationic Polystyrene Particles

Experimental Procedure

For the synthesis, 1.8 g PVP (55000 g/mol) was dissolved in 10 ml water and added
to a 500 ml three-neck flask equipped with a gas inlet and reflux condenser. 225 ml
water, 26 ml styrene and 50l MTC was added. The emulsion was stirred at a
stirring speed of 850 rpm using a large egg-shaped magnetic stirrer bar and heated
to 70 °C under a slight argon flow. After 60 min 0.6 g AIBA, dissolved in 5 ml water,
was added to initiate the polymerization. After the nucleation, when the color
in the flask turned from turbid white to white, the stirring speed was reduced to
450 rpm and the reaction was allowed to continue over night. The polymerization
was stopped by exposing the dispersion to ambient air and filtrated using a 125 pm

nylon filter sieve.

Results and Discussion

The size can be adjusted by the amount of MTC that is added, which is shown in
Figure 2.2. The particles diameters were plotted against the amount of MTC that
was added to the synthesis. Basically, the particle size was supposed to increase

with decreasing amount of MTC. Overall this trend was confirmed.

However, it was seen clearly that the size did not only depend on that parameter.
For example, particles that are tagged with a * in Figure 2.2.A were in the same size
range, but they were produced with different amounts between 0l and 200l of the
comonomer. This result might be explained by the fact that the polymerizations
depend not only on the inserted amounts of the single components. Instead, external
parameters, like the heating and stirring plate and the combination of stirring bar
and flask, have an important influence on the nucleation and growth of the particles,

too.

2.1.2 Anionic Polystyrene Particles

Experimental Procedure

250 ml water and 30 ml styrene were added to a 500 ml three-neck flask equipped
with a gas inlet and reflux condenser. The mixture was stirred at a stirring speed of

850 rpm using a large egg-shaped magnetic stirrer bar and heated to 70 °C or 80 °C
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Fig. 2.2: Particle sizes plotted vs. the amount of MTC used for the synthesis (A). The
points tagged with a * highlight particles in the same size range but produced
with different amounts of MTC. SEM images of four samples with different sizes,
adjusted by the amount of MTC (B). Corresponding size-histograms to show the
dispersity of the samples (C).

under a slight argon flow. After 60 min 1 ml up to 3.5ml acrylic acid was added
and the emulsion was allowed to stir for another 60 min. 100 mg KPS was dissolved
in 5ml water using the Vortex mixer and added to the mixture. After nucleation,
when the color in the flask turned from turbid white to white, the stirring speed
was reduced to 450 rpm and the reaction was allowed to continue over night. The
polymerization was stopped by exposing the dispersion to ambient air and filtrated

using a 125 pm nylon filter sieve.

Results and Discussion

Anionic PS particles that have been synthesized in this thesis are shown in Figure 2.3.

To adjust the size of the particles, the amount of acrylic acid, NaCl, and the
temperature have been varied, which is shown in table 2.1. Samples A-D show that
with an increasing amount of acrylic acid, the particles get smaller. However, shown
by samples B and C, the particle size depends also on external parameters, like the
heating and stirring plate, the flask, and stirring bar. Both samples had the same

ingredients, but the diameter deviates by around 100 nm.

2.1 Emulsifierfree Emulsion Polymerization
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Fig. 2.3: SEM images of anionic PS particles that have been synthesized. The green labelled
particles have been synthesized with additional 0.04mol/1 NaCl.

Tab. 2.1: Amount of acrylic acid, Vaa, concentration of sodium chloride, enac1, and temper-
ature, T, used for the synthesis, and the diameter, d, of the anionic PS particles
shown in Figure 2.3.

Vaa / ml  enact / mol/l T /°C d / nm
A 3.5 - 80 221+ 7
B 2 - 70 294 + 16
C 2 - 70 384 +8
D 1 - 70 432 + 20
E 0 0.04 80 1306 4 31*
F 1 0.04 70 1432 4 28*

* Without secondary nucleated particles

To increase the particle size above 11m, NaCl was added to the reaction, according

to Goodwin et al.[™l,

Samples E and F with 1.3 and 1.4 pm have been achieved.
Sample F, synthesized with acrylic acid is larger than sample E, which contrasts
with the particles without NaCl. In this case, the reaction temperature may play
a role. The higher the temperature, the smaller get the particles, because of
higher decomposition rate of the initiator, which leads to more nuclei. This is
also in agreement with Goodwin et all™ However, both samples E and F show
secondary nucleated particles, that had to be removed by centrifugation before

further processing.

2.1.3 Anionic PMMA-nBA Particles

Experimental Procedure

The synthesis of 400 nm particles is described by Nutz et al.148) In detail, 225ml
water was added to a 500 ml three-neck flask equipped with a gas inlet and reflux
condenser. It was heated to 75 °C under a slight argon flow and stirred at a stirring

rate of 650 rpm using an egg-shaped magnetic stirrer bar for 15 min. 25 ml of MMA
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or a mixture of MMA and n-BA (which was pre-mixed using the Vortex mixer) was
added to the water. After another 15 min 2ml of AA was added. The emulsion was
allowed to stir for 5min. 150 mg KPS was dissolved in 5 ml of water and added to
the mixture. Quickly, the beaker was rinsed with water once and the water was also
added. The reaction was allowed to continue over night and stopped by exposing
the dispersion to ambient air. The dispersion was filtrated using a 125 ypm nylon
filter sieve. For purification, the particle dispersion was dialyzed against ultrapure

water for 5days, changing the water twice a day.

Results and Discussion

Still et al. and Nutz et al. already showed that it is possible to tune the glass
transition (7,) of PMMA-nBA particles through the nBA content.!'47-148 Random
copolymerization of MMA and nBA in specific ratios leads to T, between the pure
polymers PMMA (125°C) and PnBA (—49°C). Both groups varied the MMA
content to be 70, 80, 90, and 100 % and achieved T, between 54 and 127°C with
differences of around 20°C. T varied the MMA content between 80 and 92.5%
in 2.5% steps, to get smaller T,-steps. The result is shown in Figure 2.4. For
comparison, the data from Nutz et al. was plotted in the graph. It can be seen that
my results of the 80 and 90 % MMA-content are in good agreement with the already
published data. The Ty of the other MMA-ratios also show a linear dependence.
Overall, the T;; was tuned in the range of 75 to 100 °C. The results show how finely
the T, can be tuned by adjusting the ratio of MMA and nBA.

-
w
o

= Nutzetal. (2017)
® own particles e
120 linear fit )

110+

1004 o

N o ©
o o o
+ + +
[]

[}

glass transition temperature / °C
(2]
o

[4)]
o

70 75 80 8 90 95 100
volume fraction PMMA / %

Fig. 2.4: Glass transition temperature of 400nm particles plotted against the volume
percentage of MMA that was used during the synthesis. The black data points
have been published by Nutz et al.[48]

2.1 Emulsifierfree Emulsion Polymerization
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2.2 Dispersion Polymerization

The mechanism of dispersion polymerization has been discussed by Barrett and Ar-
shady.'52:1153]  Gize control in dispersion polymerization is achieved by

152],[154],[155] (153]-[155] " respectively. Cheng et al.l6")

solvent! , and stabilizer selection
used an ethanol/water mixture as solvent and polyvinylpyrrolidone as stabilizer.
The dispersion polymerization consists of several steps that are shown in Figure 2.5.
Initially, all components (monomer, styrene, and initiator) are soluble in the solvent
mixture (1). This is the main difference to an emulsion polymerization, where the
monomer is not soluble in the solvent. The second difference is the initiator, which
is water-soluble in the case of emulsion polymerization and oil-soluble / non-polar in
the dispersion polymerization. The initiator is thermally activated (2) and induces
the polymerization of monomer molecules into oligomers (3). The most important
step is the formation of particle nuclei, which needs to happen homogenously within
the reaction mixture. The increase in molecular weight of the growing polymer
chain renders them insoluble in the solvent mixture. The precipitating polymers
coagulate into nuclei that become sterically stabilized by the presence of PVP (4).
Further addition of monomer can be used to adjust the particle size. The comonomer
can be used to introduce a specific surface charge (5). Further polymerization and
coagulation happen only in the already formed nuclei that grow to the final particle

size, once all monomer and co-monomer are consumed (6).
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Fig. 2.5: Scheme of the synthesis of cationic polystyrene particles by dispersion polymeriza-
tion. The stabilizer PVP is not included in the Scheme.
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Experimental Procedure, Results and Discussion

The experimental procedure and a detailed discussion of the effect of the individual
components on the size and shape of the PS particles can be found in the publication
”Scalable synthesis of smooth PSQTiOy core-shell and TiOs hollow spheres in the
(sub) micron size range: understanding synthesis and calcination parameters”[156]

(Chapter 6).

2.3 SiO, Shell Synthesis and Hollow Spheres

The cationic PS particles can be used as template for producing PS@QSiO4 core-shell or
SiO5 hollow particles. A modified Stéber process was used for this synthesis. 34157
This reaction is based on a ammonia-catalyzed hydrolysis of tetraethylorthosilicate
(TEOS) and condensation to SiOg, which is shown in scheme 2.2. Electrostatic
attraction between the positively charged PS particles and TEOS in a basic environ-
ment and the steric stabilizer PVP on the PS particle surface result in the growth
of the silica directly on the PS surface.?l Smooth silica shells on the PS particles’

surfaces are obtained.

PN
o +4nH,0 OH - 0o
n \Si/ ~ Yoy /\Si/ RO o/ o/
o HO \
o OH Si Si
\ [~
0 0

Scheme 2.2: Scheme of hydrolysis and condensation reaction of TEOS to a silica network

Experimental Procedure

2.5 ml PS particle dispersion was diluted with 17.5ml ethanol, and 1/10 of TEOS
and stirred at 400 rpm at room temperature. After 20 min equilibration time, 1.3 ml
NHj solution was added. The remaining TEOS was added in nine more steps in
time intervals bigger than 15 min and the reaction was stirred at room temperature
over night. The particles were centrifuged and washed once with ethanol and three
times with Millipore water for purification. For larger yields, the volume could be

scaled up to the 100-fold amount.

Hollow SiOq particles were fabricated through calcination in air at 500 °C for 12 h.

2.3 SiO; Shell Synthesis and Hollow Spheres
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Fig. 2.6: SiO, shell thickness series for four different PS template particles with diameters of
180, 478, 845, and 1127 nm. Shell thickness versus particle diameter (A) and versus
amount of TEOS per particle surface area (B). SEM images of corresponding
hollow particles (C).

Results and Discussion

The Stober process could be applied to get shell thicknesses from 15nm up to
70nm to all sizes of PS template particles, which is shown in Figure 2.6.A. The
amount of TEOS, Virgps, for a certain shell thickness, rghen, had to be calculated
previous to the synthesis. Two different approaches were applied, depending on the
synthesis of the PS particles. For particles smaller than 600 nm, synthesized via
emulsifierfree emulsion polymerization (EP), the shell thickness was approximated

with the amount of SiOy per particle. Therefore, Equations 2.1 and 2.2 were used.

3
3
Tshell,1 = \/EVSiOQ/particle + 7“1333 — TPS (2'1)

Vsio, = VrEOsS - %@ (2.2)
TEOS PSiO2

With the radius of the core particle, rpg, the volume of silica per particle, Vsi0,, particle,

and density, p, and molecular weight, M, of TEOS and silica. The number of particles

is calculated from the concentration of the PS dispersion, rpg, and the PS density.

For particles larger than 600 nm, synthesized via dispersion polymerization (DP),
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an approximation with Vrgog led to better results. Therefore, Equation 2.3 was

used.

3/ 3
Tshell,2 = </47TVTEOS/particle + T13>S — TIPS (2'3)

A comparison of both approaches to the actual shell thickness is shown in table 2.2.

For small particles, equation 2.1 led to results closer to the experiment, while for

Tab. 2.2: Shell thickness, rghe1, calculated with Equations 2.1 and 2.3, comparison and
deviations to experimental results.

Experiment Theory

dps / DM Tehell / DM Tghell1 devl / % Tehen2 dev2 / %
180 16 10 38 51 219
180 37 25 32 100 170
180 50 39 21 137 177
478 18 11 40 65 271
478 35 25 28 129 273
478 55 39 28 182 230
845 23 2 92 14 38
845 40 7 82 50 26
845 72 18 74 113 59
1127 15 2 86 15 5
1127 24 7 70 51 113
1127 41 18 55 119 189

the 845 nm particles, equation 2.3 led to better results. For the 1127 nm particles,
both equations could be applied. In Figure 2.6.B the experimental shell thickness
is plotted against the amount of TEOS per particle. Pia Ruckdeschel was able to
deduce a correlation between Vrgog and the resulting shell thickness for a narrow
PS diameter range between 220 and 414 nm.? For a broad PS diameter range this
is not possible anymore. A potential reason for this result is the amount of PVP
used for the PS particles synthesis, which is more than three times higher for the
dispersion polymerization. Consequently, more PVP may cover the particle surface
leading to a decreased SiOs density of 1.9 g/cm?, compared to 2.1g/cm? for core
particles synthesized via emulsifierfree emulsion polymerization. Therefore, less

TEOS is needed for particles synthesized via dispersion polymerization to get the

same shell thickness as those synthesized via emulsifierfree emulsion polymerization.

These results also show that it is always necessary to do pre-experiments to find the
right amount of TEOS for the individual PS particles.

Figure 2.6.C shows SEM images of the calcined particles from Figure 2.6.A. All
particles have a smooth SiOs surface. It can be seen that for bigger particles, thin
shells are unstable and collapse during the calcination process. However, with

increasing shell thickness it is possible to get stable hollow SiOy particles with sizes

2.3 SiO; Shell Synthesis and Hollow Spheres
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up to 1200 nm. Therefore, hollow SiO4 particles in the broad size range from 180 to

1127 nm were obtained.

2.4 TiO, Shell Synthesis and Hollow Spheres

The experimental procedure and a detailed discussion of the structure and stability
of the TiO9 shells and hollow spheres can be found in the publication ”Scalable
synthesis of smooth PS@QTi0O; core-shell and TiO2 hollow spheres in the (sub) micron

size range: understanding synthesis and calcination parameters” (Chapter 6).

2.5 PS@TiO.@Ag Core-Shell Particles

Titania-metal nanocomposites are interesting because of two reasons. First, they
maximize the efficiency of photocatalytic reactions.!!58:159 Second, they have an
increased thermal conductivity compared to polymer nanoparticles. With a suf-
ficient amount of particles, colloidal alloys could be prepared from pure PS and
PSQTiO2@Ag particles and the thermal behaviour could be studied. Furthermore,
the TiOy surface attracts the metal-salts and less secondary nucleation takes place.
Thus, less surface modification of the PS particles is needed. In this thesis, first
promising experiments have been performed to get a defined core-shell-shell particle

structure.

2.5.1 Experimental Procedure

A modified silver plating method of Mann et al. was used for the synthesis of
PS@TiO,@Ag particles.l®!)] For the reducing agent, 60 mg glucose, 6 mg tartaric acid,
150 pl ethanol, and 30 ml water were stirred under a slight argon flow at 100 °C in a
50 ml three-neck flask equipped with a gas inlet and reflux condenser. After 2h, the

solution was cooled to room temperature.

For PSQTiO2@Ag-1 10 mg sodium hydroxide, and 500 ul PSQTiOy (10 wt%) were
added to 100ml water in a round-bottom flask. 7ml of the reducing agent was
added, the dispersion was degassed with argon, and stirred at 0°C in an ice bath.
After 15min, 5ml of a [Ag(NHjz)s]™ solution, made from 100 mg silver nitrate and
ammonium hydroxide (25 %), was added. The dispersion was stirred for 1h and

centrifuged once for purification.
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For PSQTiO2@Ag-2 5ml of a [Ag(NH3)2]™ solution, made from 50 mg silver nitrate
and ammonium hydroxide (25 %), 10 mg sodium hydroxide, and 500 ul PSQTiO,
(10 wt%) were added to 100 ml water in a round-bottom flask. The dispersion was
degassed, and stirred at 0°C in an ice bath. After 15 min, 7ml reducing agent was

added. The dispersion was stirred for 1 h and centrifuged once for purification.

2.5.2 Results and Discussion

Two different ways have been chosen for the silver plating. For PSQTiO;@Ag-1,
the [Ag(NH3)2]" solution was added to the PSQTiOy particle + reducing agent
dispersion. For PSQTiOy@Ag-2, the reducing agent was added to the PSQTiOq
particle + [Ag(NH3)s]™ dispersion. Figure 2.7 shows SEM images of the resulting
particles. All PSQTiOs particles are covered homogeneously with silver nanoparticles
and there is no remarkable difference between both synthesis routes. However, no
closed shells could be achieved. This may be improved by either adding a second
amount of [Ag(NHjz)s]™ solution to the reaction mixture, or doing a second plating
step with the cleaned particles. Overall, this method is promising for preparing
PSQTiO2,@QAg particles with closed silver shells in the future.

PS@TIO,@Ag - 1 PS@TIO,@Ag - 2

Fig. 2.7: SEM images of PSQTiO3@Ag core-shell particles.

2.5 PS@TiO.@Ag Core-Shell Particles
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Methods

Several different characterization methods have been used for this thesis. An overview

is shown in Figure 3.1.

focal
Scanning Transmission E:Snefca
Microscopy Electron Electron Scannin
Microscopy | Microscopy Microscgpy
Thermal Light Differential || Simultaneous
Characterization Flash Scanning Thermal
Analysis Calorimetry || Analysis
X Small
Additional Density R Angle UV-Vis IR
Methods D'af?/ . X-ray Spectroscopy | Spectroscopy
tiraction Scattering

Fig. 3.1: Overview of the different experimental methods that were used for characterization
in this thesis. The green highlighted ones SEM, LFA, and DSC are discussed in
detail in the methods part.

Microscopy techniques have been used for sample characterization at different prepa-
ration steps. Particles (size, shape, dispersity, shell thickness) and particle assemblies
were characterized by scanning and transmission electron microscopy (SEM, TEM).
Confocal laser scanning microscopy (CLSM) was used for the determination of
thickness and volume of disc-shaped colloidal glasses with a diameter of around

10 mm and a thickness of around 1 mm.

Thermal properties have been characterized by light flash analysis (LFA), differential
scanning calorimetry (DSC), and simultaneous thermal analysis (STA). The LFA
technique was used for the determination of the thermal diffusivity of the samples.
DSC was used to evaluate the glass transition and melting temperatures, and the
specific heat capacity of different materials. STA was used for measuring combined
temperature-dependent thermogravimetry, differential scanning calorimetry, and
IR-spectroscopy. This technique was beneficial for high-temperature measurements
up to 1000 °C.
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Several other methods have been used to complete the sample characterization.
The materials density was determined by pycnometry. The specimen density was
calculated from the sample mass and volume. X-ray powder diffraction (XRD) was
used to characterize the phases of TiOg samples. Small-angle X-ray scattering (SAXS)
results contributed to structural characterization. UV-Vis and IR-spectroscopy have

been used to determine the optical properties of the samples.

Simulations completed the experimental methods to gain further insight into the
respective properties. The reconstruction of TEM tomography data provided infor-
mation about the surface structure and granularity of titania hollow particles. The
structure of particle assemblies was calculated by MD simulations, and the mean
interparticle distance was determined using the 3D radial distribution function. In
collaboration with Age Biehs (Institut fiir Physik, Carl von Ossietzky Universitét,
Oldenburg), simulations of transmission spectra and transmission coefficients, heat-
ing dynamics, and the influence of coupling surface modes have been made to gain a
deeper understanding of the radiative transport through bulk and particulate silica

materials.

The three methods SEM, LFA, and DSC, are discussed in detail because of their
special relevance for the following chapters. Since SEM was the primary technique for
determining the success and quality of all syntheses and assemblies, it is explained in
more detail in Chapter 3.1. Understanding the thermal diffusivity and conductivity of
colloidal assemblies, especially at high temperatures, was my work’s main focus. That
is why LFA is outlined as a key technique in Chapter 3.2. With DSC measurements,
I contributed to several collaborative research projects. The specific use of this

technique is explained in Chapter 3.3.

3.1 Scanning Electron Microscopy

SEM was used to get a visual impression of the nano- and microparticles and their
assemblies. Especially for the determination of particle sizes and dispersities, SEM
was frequently utilized. As its name implies, it works with electrons instead of light,
increasing the microscope’s resolution. The resolution of an optical system is defined
as the smallest distance, d, between two points that can be distinguished as two

separate entities. The resolution is calculated by the Abbe Equation

A A

dZQ-NA:Zn-Sin(a)

(3.1)

with the wavelength of the light, A and the numerical aperture, NA, that is calculated
by the refractive index, n, between the objective and the object, and the half of
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the opening angle of the objective, a.['%) The wavelength of the electrons can be

calculated by the De Broglie Equation

h h
A= — = —— 3.2
muv vV2-m-e-U (32)

with the Planck constant, h, the mass, m, the speed, v, elementary charge, e, and

(106],[161] Thys, the theoretical resolution of an

electric potential, U, of the electron.
electron microscope at a voltage of 1kV is 0.019 nm according to Abbe, assuming
NA=1. However, the actual resolution is about 1.7 nm, because of three limiting

factors: the size of the electron spot, size of interaction volume and lens aberrations.

The SEM works with electrons generated by a field emission cathode and attracted
and accelerated by an anode. The electrons pass through a hole in the anode and
are focused through condenser lenses. The objective lens focuses the electron beam
at a small point of the sample surface. Scan coils affect the electron beam to scan

the sample surface.[162

There are different ways how the electron beam interacts with the sample. An
overview gives Figure 3.2 (left). A SEM is able to detect backscattered electrons
(BSE), secondary electrons (SE), Auger electrons and X-rays. A scanning transmis-
sion electron detector (STEM) enables additionally the measurement of transmitted
electrons. The interaction volume is called electron diffusion cloud (3.2 (right)).
Important for the generation of an image are the BSE and SE. The BSE arise from
elastic scattering of the electrons at the atomic nucleus. They are emitted from up
to 100 nm below the sample surface and are scattered one or more times inside the
specimen. The energy of a BSE is comparable to that of a primary electron. SE are
generated by an inelastic scattering of the primary electrons at the outer atomic
shells. They are separated in three groups: SE1 are generated by the collision of the
primary electrons on the sample. SE2 are generated by BSE and SE3 are electrons
that are generated by the interaction of BSE with parts of the microscope. All SE
electrons have a penetration depth of 10 nm. Electrons that are generated deeper in

the sample do not reach the detector anymore.1621-[165]

Mainly two detectors are used in this thesis. Both attract the electrons with a
positive voltage and accelerate them. The electrons produce photons that are
amplified in a photomultiplier and converted to a current of electrons. The Everhart-
Thornley (SE) detector is mounted laterally on the specimen chamber side and
attracts mainly SE, but BSE that randomly reach the detector can also be detected.
The Everhart-Thornley detector produces more plastic images than the Inlens
detector that is positioned above the optical lens, which leads to a more topographic

image.[162,[165],(166]

3.1 Scanning Electron Microscopy
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Fig. 3.2: Electron - Matter interaction (left) and electron interaction volume (right) in a
SEM.

The measurements were taken on a Zeiss Ultraplus with acceleration voltages
between 1 and 3kV. The particle suspensions were dried on silicon wafers. Colloidal
assemblies have been broken into small pieces and clamped into sideview holders.
Before measuring, a 1.3 nm platinum layer was sputtered on all samples. To make
STEM images, the core-shell particles were dried on SiOy TEM grids and calcined

at 500 °C before the measurement.

To evaluate the diameter and dispersity of the particles, a Matlab circle detection
function was used. For an easier utilization, a graphical user interface, the Particle

Sizer, was programmed by Bernd Kopera.[167)

3.2 Light Flash Analysis

LFA measurements were used to determine the thermal diffusivity, «, of the silica
and titania hollow and solid samples. The thermal diffusivity is defined as the ability
to conduct thermal energy relative to its ability to store thermal energy.l'68) It can

be expressed by
K

(3.3)

o =
p-cp

with the thermal conductivity, k, density, p, and specific heat capacity, cp, of a
material. This Equation is also used to calculate the thermal conductivity from the

LFA measurement results.

The LFA has four main components: a furnace, a flash lamp, a sample, and an IR
detector. As systematic setup is shown in Figure 3.3A The sample is positioned in
the middle of the furnace that ensures a defined temperature and gas environment.
An energy impulse from the flashbulb or laser is absorbed at the sample’s bottom and

heats up this surface. The heat diffuses through the sample, and the temperature

Chapter 3 Methods



rise at the top is detected by the IR detector. The thermal diffusivity can be deduced

from the time-dependent temperature increase on the top surface (Figure 3.3B).

The method possesses a lot of advantages, like a short measurement time (< 10 sec)
and therefore a high throughput, small sample size compared to steady-state methods
(e.g., diameters up to 20 cm and several centimeter thicknesses for hot plate method vs.
1 cm diameter and 1 mm thickness for LFA), assessment of temperature-, pressure-,
gas composition-dependence, and the option for high-temperature measurements
(up to 2800°C)."09 Tt is conspicuous that the advantages are on the experimental

side of the method. The challenges arise with the data evaluation.

A B
- q.)
R
IR detector E
A 3 t
©
o 112
Q.
g
furnace Qo
graphite coated time
sample
C SiC sample holder: -
SiC lid
@ —graphite
spacer
no contact
of sample
and lid
graphite
flash lamp ® graphite coated support
sample

Fig. 3.3: Schematic setup of a LFA instrument (A). Theoretical signal shape LFA measure-
ment of an ideal sample (B). Adapted sample holder for LFA 476 HyperFlash
apparatus (Netzsch) (C). Adapted with permission from Neuhofer et al.3] Copy-
right 2021 The Authors.

Parker et al. was the first who developed a model to calculate o from the half rise
time, t1/,, and the sample thickness, d, of an ideal measurement:
d2
a=138 ——. (3.4)

’/T2 . t1/2

The preconditions for the applicability of this Equation are a negligibly short and
uniform heat pulse, that is uniformly irradiated as well as uniformly absorbed by the

full bottom of the sample. Additionally, the sample must be uniform in thickness,

3.2 Light Flash Analysis
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isotropic, and be optically and thermally opaque to block the light flash and prevent

radiative heat transfer.[169[170]

However, LFA samples and measurements take place extreme rarely under ideal
conditions. A sketch of heat transfer processes in a (semi-)transparent, colloidal
sample is shown in Figure 3.4A. The influence on the corresponding measurement
signal is shown in Figure 3.4B. Consequently, Parker’s Equation has been enhanced
in the last decades. Heat losses arise in almost all non-adiabatic measurements.
For an ideal measurement, the temperature increases with time until a plateau is
reached (Figure 3.3B). Due to heat losses, the temperature decreases after reaching
a maximum. Furthermore, the half-time shifts to shorter times. Cape and Lehman
developed a model, that covers these losses due to radiation and convection.t7!]
Philipp et al. showed, that this model covers also radial losses that happen, when
the sample is incompletely excited at the bottom, and facial losses into the sample
holder.['%) Radiation occurs, if the sample is (semi-)transparent to the excitation
source or exhibits a porous structure, like (colloidal) silica structures. Furthermore,
this effect gets more prominent with increasing temperatures. In this case, the light
energy is transmitted directly to the detector. In the measurement signal, this results
in a sharp temperature peak at ¢ &~ O ms and a shift of the half-time to shorter times.
Blumm et al. extended Parker’s model and incorporated these radiation effects.[172
Another parameter that has to be taken into account is the length and shape of the
energy pulse. In the ideal measurement, this pulse would be neglibibly short and
uniform. Experimental, the pulse has a duration of few milliseconds, and different

shapes, like triangular, exponential, and linear-exponential. A correction term for

this finite pulse effect was developed by Douza,.169L[173]
A B .
. (7]
rapid IR A . =
radiation conduction o
via solid & %
radial & gas phase 5
facial losses g—
: — o}
light flash time >

Fig. 3.4: Sketch of heat transfer processes in a (semi-)transparent, coated LFA sample (A)
with the corresponding measurement signal in a LFA measurement (B).

The measurements were performed on a LFA 467 HT HyperFlasch apparatus
(Netzsch) with a cooled InSb infrared detector and a ZoomOptics system for an
optimized detection area of 1.8 mm. This instrument can measure up to 1250°C in
a vacuum and inert gas atmosphere. The samples have to be 10 mm in diameter and

a thickness of around 1 mm. For better absorption and emission of the light pulse,
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the samples are coated with a thin graphite layer on top and bottom. The sample
holder was equipped with a self-made graphite support and spacer (Figure 3.3C) to

enable the measurement of not perfectly shaped and fragile colloidal samples.

The thermal conductivity was calculated with Equation 3.3. The sample’s thickness
and volume have been determined using the Confocal Laser Scanning Microscope
LEXT OLS5000-SAF microscope (Olympus). For density determination, the weight
of the samples was measured with the micro scales Sartorius Cubis MSE3.6P-000-DM
(Sartorius). Specific heat capacity determination is explained in detail in Chapter
3.3.1.

3.3 Differential Scanning Calorimetry

DSC has been widely used in this thesis to determine thermal transitions and the
specific heat capacity of many polymeric and inorganic samples. The heart of a
DSC is a furnace that is flushed with inert gas during the measurement. In the
furnace there is a thermoelectric disk with two integrated heat flux sensors for the
sample and reference pans.[174 During the temperature scan, the heat is transferred
from the oven to the pans through the thermoelectric disk. When sample and
reference have the same thermal properties the heat flux at both pans are identical
and there is no temperature difference. The heat flux from the sample changes,
when a chemical reaction or a physical transition, like melting, takes place. This
results in a temperature difference between sample and reference pans, which is
actually measured. Once the thermal resistance, R, of the thermoelectric disc is

known, the heat flux, ¢, is calculated by:

_ar

- (3.5)

q

The temperature-dependent change of the heat flux contains the information about

the chemical or physical changes that happen in the sample.

Up to 450 °C DSC was measured on a Discovery 2500 DSC (TA Instruments). 8 -
20mg of the sample was weighed in a standard aluminum pan. For samples with
lower masses, low mass pans were used. The pan was closed with a non-hermetic lid
with a small hole in the middle that allowed evaporation of solvents during the first
heating cycle. High temperature measurements up to 1000 °C have been performed
on a STA 449 F3 Jupiter (Netzsch), equipped with a DSC/TG OctoS sample holder.
As pans PtRh20 crucibles with lids were used. For the determination of glass
transition and melting temperatures, typically, a heating rate of 10 K/min has been

used. For more advanced techniques, like the specific heat capacity determination

3.3 Differential Scanning Calorimetry
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and modulated DSC, different heating rates had to be applied. These techniques

are described in more detail in the following two sections.

3.3.1 Specific Heat Capacity

The DSC can be used to determine the specific heat capacity, cp, that is needed
to calculate the thermal conductivity, as described in Chapter 3.2. In general, the
specific heat capacity describes how much heat is needed to raise the temperature of
1 g of the sample by one Kelvin.'%161] The ¢p-determination is standardized by
the ASTM E1269 standard.'™! The heat flow of the sample, Hg, an empty pan, H.,
and a sapphire standard, Hg, are measured in the same temperature range with a
heating rate b=20 K/min. From these measurements, and the literature cp values
of sapphire, cp(St), and pan, cp(c), first the calorimetric sensitivity, F, of the DSC

machine is calculated:

b
E:
60 - (Hsy — He)

(Wt - cp(St) + AW - ep(c)] (3.6)

With the mass of the sapphire, Wg;, and the difference in mass between sapphire
specimen holder and empty specimen holder, AW. The calorimetric sensitivity is

now used to calculate the samples’ heat capacity, cp(.5).

_ 60-FE-(Hs— H.) _ AWg - cp(c)
B Wg-b Wg

cp(S) (3.7)

With the mass of the sample, Wg, and the difference in mass between sample pan

and empty pan, AWg.

The determination of the specific heat capacity is a quantitative measurement of
energy as a function of temperature and therefore requires proper preparation,
including the instrument and the samples. The instrument’s heat flow and temper-
ature modes must be calibrated before a measurement. Especially the heat flow
information is critical because its absolute values are an integral part of the specific
heat capacity determination. Ideally, the same specimen holder is used for three
required measurements of the empty pan, sapphire standard, and sample. However,
this is time-consuming and rarely applicable in everyday life. Therefore, three
different specimen holders are used. To minimize measurement inaccuracies, using
specimen holders with equal weights is recommended, requiring properly weighed

and sorted specimen holder pans and lids.
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3.3.2 Modulated Differential Scanning Calorimetry

The standard DSC technique is very powerful for material characterization. How-
ever, it has some limitations concerning separation of overlapping processes, and
characterization of polymer blends with several different polymers. Furthermore, it
is impossible to improve the sensitivity for low energy transitions without decreasing
the resolution of a measurement. These disadvantages are eliminated when using
modulated DSC (MDSC).

A heat flow signal can be described by the following Equation!*76:177];
dH dT
— =Cp— Tt 3.8
= 0pl (T (33)
% is the total heat flow, which is equivalent to a standard DSC measurement

with a linear heating rate. C% is the measured heating rate that has a linear and a
modulated component. Cp% is the reversing heat flow component, while f(7,t) is

the non-reversing or kinetic component of the data.

The MDSC technique uses two superimposed heating rates, a linear and a sinusoidal
or modulated rate, to split up the measurement signal in the reversing and non-
reversing component. Details about the data evaluation are shown in Figure 3.5.
The reversing signal carries information about the specific heat capacity and heating
rate dependent transitions, like the glass transition and melting temperature. The
non-reversing signal carries information about absolute temperature-dependent
transitions, like crystallization, relaxation, curing, evaporation, and decomposition

processes.

The technique is helpful when overlaying processes take place in one sample. One
example is enthalpy relaxation processes that distort the exact glass transition
temperature evaluation of a polymer. However, the measurement needs more
preliminary tests and knowledge about the sample to choose the right heating rate,
temperature amplitude, and modulation period.!” Furthermore, the measurements
take much longer, since typically heating rates between 0.1 and 5 K/min are applied.
For each set of heating rate, temperature amplitude, and modulation period, a

calibration measurement with a sapphire standard has to be performed.77]

3.3 Differential Scanning Calorimetry
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Thesis Overview

5.1 Synopsis

A graphical overview of this thesis is shown in Figure 5.1. In this thesis, the thermal
properties of different nanoscopic materials and their superstructures have been
examined. The main target was to understand and control the thermal transport of
colloidal structures, focusing on their insulating properties. Chapters 6-8 present
the core publications of this cumulative thesis, where I was leading the material
synthesis and characterization. Solid and hollow silicon dioxide (silica) and hollow
titanium dioxide (titania) particles have been used as colloidal building bricks. A
closer focus on the synthesis of PS particles with diameters larger than 600 nm
and their usage as templates for hollow titanium dioxide (titania) particles are
described in Chapter 6. Furthermore, I prepared hollow silica particles of different
sizes assembled into colloidal glasses and binary colloidal glasses in Chapters 7 and 8.
Additionally, T contributed to many research projects — that are not included in
this thesis — with cationic and anionic polystyrene (PS), polymethylmethacrylate
(PMMA), and silicon dioxide (silica) hollow particles. Therefore, the synthesis
of my particle library was already described in Chapter 2. The materials have
been characterized using scanning electron microscopy (SEM), (high-temperature)

light flash analysis (LFA), and differential scanning calorimetry (DSC). These have
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Fig. 5.1: Graphical overview of this thesis.
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been my main characterization methods and have been described in the previous
Chapter 3.

With my knowledge about DSC measurements, I contributed to three further projects
in the field of thermal characterization. For Chapter 9, I used the more complex
method of modulated DSC to determine the specific heat capacity, cp, of several
ampholytic polymers, stored under various relative humidity conditions, to determine
the influence of the hydration level. In Chapters 10 and 11, I contributed with DSC

measurements to two projects in the field of two-dimensional Bragg stacks.

For the target of this thesis — understanding the thermal transport properties of
colloidal superstructures — colloidal building bricks had to be synthesized. There
had been some requirements, like a spherical shape, size control, reproducibility,
up-scalable to large amounts. The aim was to find materials with low density and
with thermal conductivities larger than those of silica. Considering these parameters,

I opted for a synthesis route towards hollow particles with titania as shell material.

Titania, with its different polymorphs, like rutile, brookite, and anatase, is an
interesting material because of its optical and semiconducting properties. It can be
incorporated in insulating silica materials to suppress thermal radiation and can
be used as thermoelectric material. Besides, it can be used for various applications
in the fields of photovoltaic, photoconversion, hydrogen storage, and structural
coloration or efficient scattering. In Chapter 6, a controlled synthesis route to
produce hollow titania particles is presented. These are beneficial because they
combine a high surface area with low density. The particles have been made using a
three-step template-based approach. First, PS particles have been synthesized via
dispersion polymerization with a cationic comonomer. Second, the shell growth was
controlled by slow addition of the titania precursor. Third, the template particles

have been removed by a calcination process in an inert atmosphere.

The PS particles have been synthesized by dispersion polymerization of styrene, with
the cationic comonomer 2-methacryloxyethyltrimethylammoniumchloride (MTC).
The particle diameter was linearly dependent on the amount of styrene and in-
creased from 673 to 1353 nm (Figure 5.2b). A constant ratio between monomer and
comonomer of 0.8 mol% resulted in a zeta potential of about +40mV. It was also
tested to change the monomer-comonomer ratio. Without MTC, the zeta potential
was around 0 mV, but the particle dispersion was still stable because of the steric
stabilizer PVP. When increasing the MTC content, the particles aggregated and de-
formed (Figure 5.2a). A decrease of the particle diameter by 200 nm with increasing
MTC content was observed due to the increased stability of PS oligomers during
the synthesis. Overall, highly monodisperse PS particles with standard deviations

that are less or equal 5% of the diameter have been achieved.
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These particles were used as seed templates without further purification to allow
for a simple scale-up. The amount of MTC on the particle surface influenced the
resulting titania shells. With an increasing amount of MTC, the particle surface got
more compact and less granular. The shell structure was also preserved after the

calcination process, which is shown in Figure 5.2.

—Ps
——PS@TIO, |

100+
@ PS particles TiO, hollow spheres @ 1400 " 03mgABN @

@ 0.15mgAIBN ! 600
80

=

E )
o E 1200 § -

= 5 : >
5 3 s, 60 e 400 §
2 i o . 3
3 2 1000 3 e 1 L\ e
S g g 40 g
< e 2008

20{

-

0
e 8 12 16 20 24 CO 100 200 300 400 500 600
s Volume Styrene [ml] Time [min]
-
=8
o — 1.0
~ K —Tio,
;_. gmo- . A‘nataseTheory @ 05
g% 5 00 )
F E ; —
£ 0 =.05 e
[$) T T T T 5 5
E . 20 4?9 ¢l 60 80 g B
=-1.0 [}
2 5 g
§ I -1.5 E o
N — PS@TiO, 2.0 .~
—TiO, 25 i lo
10 100 0 100 200 300 400 500 600
20 [°] Time [min]
increasing PS template diameter 5
>
Tio, e :

hollow f s
spheres 1

Fig. 5.2: SEM and TEM images of PS particles, synthesized with different amount of
MTC, and corresponding hollow titania particles (a) Diameter of particles from
dispersion polymerization dependent on the amount of styrene and the amount
of initiator AIBN (b). XRD measurements of the PSQTiO3 and hollow titania
spheres (c). Combined STA (d) and DSC (e) measurements to investigate the
calcination process of pure PS particles and PSQTiO, particles. STEM images
of single titania hollow spheres made from PS template particles with increasing
diameter (f). Adapted with permission from Lechner et al., Colloid Polym Sci
298, 867-878 (2020). Copyright 2020 The Authors.

200 nm

The crucial step of the synthesis was the aging step of 24 h before the calcination.

This aging was necessary to improve the formation of a pre-condensed titania
network and covalent connectivity among the granular nuclei in the shell. The

temperature profile of the calcination process itself was also critical. A process

with two isothermal steps was developed, based on the profile of Schroden et al.179.

The isothermal steps were chosen to be at 300 °C, the onset temperature of the
PS degradation, and 400 °C to achieve full degradation of the organic material. To
obtain a better understanding of the calcination process itself, combined TGA, DSC,
and IR measurements have been performed in air and nitrogen atmosphere. The
results of the air calcination reveal the differences between the neat PS and core-shell

particles. The TG curves (Figure 5.2d) show that the decomposition of the neat
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PS particles was significantly faster than the core-shell particles’ decomposition.
This can be explained by the mass transport that is limited by the titania shell.
Furthermore, a condensation process of the titania network was observed in the DSC
measurement (Figure 5.2e). The phase change from amorphous to anatase titania,
which was verified by X-ray powder diffraction (Figure 5.2c), was not visible in the
DSC measurements because it was superimposed by the exothermic degradation
peak of the PS. During calcination, the shell thickness shrunk from around 30-40 nm

before calcination to 24 nm after calcination.

Finally, PS particles with increasing diameters from 673 to 1353 nm have been coated
with titania. An isotropic shrinkage up to 20 % was observed during calcination in
air. For particles larger than 700 nm, the shrinkage was not systematic anymore. It
resulted in hollow titania particles with diameters of around 900 nm, independent
of the core-shell particle size (Figure 5.2f). The ratio between shell thickness, and
particle diameter, decreased from 4 % for the smallest hollow particles to 2 % for the
largest hollow particles. Consequently, the particles got unstable, and an increased

portion of fractured or buckled hollow particles were observed.

Overall, a facile, reproducible, and scalable method towards well-defined titania
hollow particles was presented. The particles can be used for various applications,
where the properties of titania are beneficial. Due to its optical properties, titania
is applied in silica aerogels to suppress thermal radiation at elevated temperatures.
Silica itself is optically transparent in the region of 1-8 pm and consequently strongly
affected by thermal radiation. This is a challenge when fabricating efficient thermal
insulation materials for high-temperature applications. In Chapter 7, the suitability
of particular silica matter was tested for high-temperature applications using LFA
measurements. A transition from conduction to radiation-dominated heat transfer

has been found and discussed.

Five samples have been measured by LFA in the range of 25-925°C in inert gas
atmosphere: two silica hollow particle samples with particle diameters of 278 and
882nm and a shell thickness of about 30 nm and three silica solid particle samples
with particle diameters of 353, 889, and 8000 nm. The measurements were completed
by reference measurements on bulk borosilicate and quartz glass, a pyroceram
standard, a titania hollow particle sample, and inert calcined hollow particle samples
that comprise carbon residues. Figure 5.3a shows the normalized measurement data
for the small silica hollow and solid samples. Below 450 °C, the heat transport is
dominated by a slow process due to conduction. With increasing temperature, a
second much faster contribution gets more and more dominant. This contribution is

referred to thermal radiation occurring in the samples.
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Fig. 5.3: Temperature dependent LFA measurement signal of the small silica hollow, and
solid particles, and bulk quartz glass. The grey insets show details of the radiation
peak. The time data is normalized by the characteristic thermal response time
t. (a) Double-diffusive model applied on 278 nm hollow particle measurements
(b). Resulting ratio, A, of first and second diffusive process (c¢). Integrated heat
transfer coefficient h'? for hollow and solid silica particles, and bulk quartz glass,
in comparison with black body radiation (d). Adapted with permission from
Neuhofer et al., Adv. Funct. Mater. 2022, 32, 2108370. Copyright 2021 The
Authors.

The increasing influence of radiative heat transfer is also occurring in the reference
glass measurements (Figure 5.3a). However, a major difference in the peak shape was
found. While the granular samples demonstrate a marked loss in surface temperature
after the initial increase, the bulk samples reach a plateau. In the case of the hollow
particle samples, the temperature increase from the radiative peak is significantly
slower than for the other samples. Due to this slow dynamic and the high peak
intensity, established models are not capable of fitting the process accurately anymore

for temperatures above 525 °C.

In a simple approximation, the measurement was treated as a superposition of
two diffusive transport processes. It was fitted by a simplified model that used
the same diffusive thermal transport formalism for the radiative and conductive

transport. This model is robust for a wide temperature range, which is shown in
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Figure 5.3b. Furthermore, it allows separating the contributions of the separate
individual processes. The temperature-dependent ratio of these contributions is non-
linear and scales with T, due to the radiative nature obeying Stefan-Boltzmann’s

law (Figure 5.3c).

The optical properties of the samples control the radiative thermal transport. Silica,
in its bulk and particulate form, is optically transparent in the wavelength region
between 1-5pm. In combination with good thermal emitters in the form of graphite
layers at the boundaries, the radiative heat transport pathway is opened. In contrast,
titania is opaque in the wavelength region between 1-8 pm, and no radiative transport

process was observed in the LFA measurements.

To gain a deeper understanding on the radiative transport mechanism, the optical
properties of the bulk, solid, and hollow samples have been modeled using an effective
multilayer approach and a boundary element method. The results revealed that
surface wave modes do not play a significant role in the high-temperature transport
through particulate silica materials because the Reststrahlen band is too far red-
shifted. Furthermore, the optical density of the particle ensemble determines which
wavelengths can be transported through the structures by evanescent waves. In the
case of the hollow silica samples, the large porosity suppresses the evanescent waves.
Nevertheless, the integrated heat transfer coefficients of the solid and hollow samples
are comparable because the hollow samples are stronger transmitting between 5-8 pm
and therefore have higher wavelength modes (Figure 5.3d). Thus, the contributions
of evanescent waves and wavelength modes compensate each other when comparing

the hollow and solid particulate samples.

This work helped to gain a deeper understanding of the high-temperature thermal
transport mechanisms in particle-based silica materials. At room temperature,
conduction through the silica backbone dominates. With increasing temperature,
the influence of thermal radiation increases until it dominates the overall heat transfer.
Therefore, the materials have high insulating properties at room temperature and
transform to better thermal conductors at elevated temperatures. To maintain the
strong insulation behaviour of the material, the optical properties in the mid-IR
range have to be controlled by changing the composition, the structure, or by adding

additives.

Having discussed the high-temperature properties of particular silica materials and
unveiled their insulation advantages, particularly at room temperature, the next
challenge was to further decrease the effective thermal conductivity of these materials.
In Chapter 8, the influence of the material density, disorder, and particle size on the
thermal properties of particle-based silica materials have been discussed with the aim

to find the right parameters for an effective reduction of the thermal conductivity.
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Two strategies have been followed: reduction of the density by a switch from solid
to hollow particles and enhancing the degree of disorder by using binary particle
mixtures and fast assembly through the filtration method. For this purpose, binary
colloidal samples of solid and hollow silica particles in the size range of 500 and
900 nm, with 0, 20, 40, 60, 80, and 100 vol% of the large particles have been prepared
(Figure 5.4a).

100 vol%

@ hollow particles @

*x = hollow
E €90+ } o solid
Z g0l
" 1.21 } E ¢ ¢ g 80 i i
; Sro! :
2 S 60 % :
> ©
@ 0.44 ] -§ 50 A E %
] LI . S 40+ ’
0.2 = hollow - E 3071
° Isolid . . . . . g 20 + . . . . . E
0 20 40 60 80 100 0 20 40 60 80 100

volume fraction big particles / % volume fraction big particles / %

Fig. 5.4: SEM sideview images of colloidal glasses with increasing amount of big particles.

Top row: hollow binary mixtures (a). Density of samples made from hollow
and solid binary mixtures (b). Thermal conductivity of hollow and solid binary
mixtures (c).

The sample densities are shown in Figure 5.4b. While the densities of the solid
particle samples stayed constant at ~ 1.2 g/cm3, the hollow particle samples densities
decreased from 0.4 g/cm? for the 0vol% to 0.2 g/cm? for the 100 vol% large particle
assemblies. Therefore, a reduction of the density of up to 85 % compared to the solid
particle sample has been achieved. From the material densities, the packing densities
of the samples were calculated. While the packing densities of the solid samples
were more comparable in the random-close-packing state, the packing densities of
the hollow samples had strong fluctuations between 0.5-0.7, with the 100 % large
particle sample having the lowest packing density and therefore the highest degree
of disorder. This already indicated the strong influence of the particle size on the

material properties in the case of the hollow particle samples.

The thermal conductivity data of the hollow and solid particle ensembles, shown

in Figure 5.4c, affirmed the strong influence of the particle size and sample density.

Both effects dominate over the influence of the degree of disorder of the sample.

Increasing the particle size from 500 to 900 nm reduced the thermal conductivity

by about 20 %. This effect is caused by the smaller relative contact areas between
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the individual particles, which is deduced from the solid particle data. Additionally,
the decrease of the density from the solid to the hollow particle samples led to a
systematic drop in the thermal conductivity of 60 % from the small to the large

particles in the case of the hollow particle ensembles.

This project showed that it is possible to tune the thermal conductivity of colloidal
assemblies by adjusting the particle size and density of colloidal glasses. Thermal
conductivities down to 20 mW /mK have been achieved for the 900 nm hollow silica
samples. Therefore, these colloidal glasses offer an interesting alternative to insulation
materials based on silica aerogels, with the advantage of a high structural control
over the particle geometry and a more facile preparation without supercritical drying

steps.

In addition to my lead projects, I contributed to further projects in the field of
thermal characterization with my knowledge about DSC measurements (Chapters 9-
11). For all projects, I determined the specific heat capacity, which was essential
to calculate the thermal conductivities from thermal diffusivity data. Especially
in the project in Chapter 9, the sample preparation was crucial due to the fact
that it was challenging to achieve a uniform distribution of the samples in the
sample pan, and the specific heat capacity was dependent on the sample humidity.
In the same project, I also applied the more complex method of modulated DSC.
Here, several pre-tests for the determination of the right measurement parameters
were necessary. However, without this method, it would not have been possible to
determine the glass transition temperatures of ampholytic polymers because they

were superimposed with broad water-evaporation signals.

Water processable polymers have attracted interest in current thermal transport
research, owing to the possibility to introduce hydrogen bonds as a motif to increase
the thermal conductivity even in amorphous specimen. Ampholytic functional groups
that exhibit donor and acceptor groups for the formation of hydrogen bonds in one
polymer chain have the advantage of preventing demixing as typically observed in
polymer blends. Up to now, the role and influence of the hydrogen bonds on the
thermal conductivity was still unclear. This is why the thermal transport of four
ampholytic polymers is discussed in Chapter 9 concerning their thermal transport

properties and how the polymer microstructure affects these.

Figure 5.5a shows an overview of the examined polymers PMMA, poly(acrylic
acid) (PAA), polydehydroalanine (PDha), poly(2-acrylamido glycolic acid) (PAGA),
poly(2-(imidazole-1-yl)acrylic acid) (PImAA), and its methylated derivative poly(2-
(3-methylimidazolium-1-yl)- acrylic acid) (PMelmAA). PMMA can not form hy-

drogen bonds and was therefore used as reference material. PAA has only one
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functional group per repetition unit. The other polymers provide at least two

different functional groups.
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Fig. 5.5: Structure of the ampholytic polymers and the reference polymers PAA and PMMA
(a). The ampholytic polymers have at least two functional groups per repetition
unit. Measured effective thermal conductivity of all samples (solid bars) and
peak position (black symbols) of the carbonyl band measured by IR spectroscopy
(b). Specific heat, measured by MDSC, increases with humidity (solid lines and
symbols). Shaded areas rationalize the expected trend of the cp based on the
water uptake (c¢). Effective thermal conductivity vs relative humidity for PImAA
(d) and PMeImAA (e). The solid symbols depict the experimental data, while
the dashed and dotted lines are calculated values using the parallel and the EMT
mixing model, respectively. The shaded areas consider the variability because
of the deviation of the moisture content determination. The dashed black line
represents the thermal conductivity of water. Adapted with permission from
Hummel et al., Macromolecules 2020, 53, 5528-5537. Copyright 2020 American
Chemical Society.

The position of the carbonyl peak at 1700 cm ™! of IR spectra is directly connected
to the strength of the hydrogen bond. The strength of the carboxylic hydrogen
bonds systematically increased from PAA to PMelmAA, as the peak shifted to lower
frequencies. The effective thermal conductivity of the polymers was determined
using the photoacoustic method. As expected, the thermal conductivity increased

with increasing hydrogen bond strength in the dry state, as shown in Figure 5.5b.

Fourier self-deconvolution (FSD) showed that PAA mainly formed strongly coordi-
nated hydrogen bonds and even covalently condensed anhydrides. From PDha, over
PAGA and PImAA to PMelmAA, the number of classes of hydrogen bonds that are
not formed between two carboxylic acid groups increased and followed the trend of

increased hydrogen bond strength.
Ampholytic polymers and PAA are strongly influenced by humidity. Therefore, all

samples have been stored at 45, 77, and 92 % relative humidity, and the moisture

content, specific heat, and IR measurements have been performed. Except for PMMA,
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all samples exhibited a significant water uptake, accompanied by an increasing specific
heat, which is shown in Figure 5.5c. There were two possibilities for how the water
was absorbed. TR measurements showed that in PAA the water molecules were
bound directly to the carboxylic acid groups and intercalated between the polymer
chains without affecting the conformation and, therefore, the interchain thermal
transport. PDha did also show this effect, but less pronounced. In PAGA, PImAA,
and PMelmAA, water was adsorbed in a less bound state. Therefore, the effective
thermal conductivity could be rationalized by a volume-weighted parallel mixing
model and an effective medium model. The exemplary results for PImAA are
shown in Figure 5.5d. The deviations from PMeImAA (Figure 5.5¢) to the mixing
models could be explained by the stronger ionic interactions interrupted by the

water molecules.

This work helped to get a better understanding of the role of hydrogen bonds for
thermal transport in polymer materials. It was proven that the thermal conductivity
increased with increasing hydrogen bond strength in the polymer. The absorption of
water was different for all polymers and individually influenced the hydrogen bond
motifs. However, the effective thermal conductivity of ampholytic polymers could

be well explained by mixing models.

The effective medium and parallel mixing model also have been applied to describe
the thermal and mechanical properties of hybrid Bragg stacks with extreme polymer
confinement, as discussed in Chapter 10. Spray coating of dilute nematic mixtures
of delaminated, high-aspect-ratio clay and PVP led to self-supported, highly co-
herent Bragg stacks with lateral extensions of several square centimeters. X-ray
diffraction and transmission electron microscopy measurements showed that the
layers were strictly alternating and exhibited a long-range periodicity, which is
shown in Figure 5.6a. Because the PVP layer thickness was ranging from 9 to 28 A,
which is smaller than the polymer chain’s radius of gyration, even in the order of an
individual polymer chain, strong polymer confinement was implied. This was a result
of the PVP layer thickness that could only be varied in discrete steps. Therefore,
just discrete polymer volume fractions led to defect-free Bragg stacks, as shown
for a 31 % hectorite sample in Figure 5.6a in contrast to 51 % hectorite sample in
Figure 5.6b.

The in- and cross-plane thermal conductivity and mechanical properties of six
samples, varying from 0, 23, 31, 40, 51, and 100 vol% hectorite, have been examined.
The in- and cross-plane thermal conductivities of all samples were measured with lock-
in thermography and photoacoustic methods. It was found that the in-plane thermal
conductivity followed a parallel mixing model with the lower limit of 0.17 W /mK of
pure PVP, and the higher limit of 5.71 W/mK of pure hectorite sample, as shown

in Figure 5.6c. Therefore, the polymer confinement in the stacked samples did
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not influence the thermal conductivity compared to the bulk components. This is
also indicated by the specific heat data, shown in Figure 5.6e. The specific heat
decreases from 1190 to 890 J/kgK with increasing hectorite content, which follows
the prediction of an effective medium model. In contrast, the cross-plane thermal
conductivity was around 0.09 W/mK for all mixed samples (Figure 5.6d). It deviated
strongly from an effective medium behavior due to the dominating influence of the
PVP-hectorite interface resistance. Overall, the structural perfection of the samples
led to an exceptionally high thermal conductivity anisotropy, with a maximum of 38

for the 51 vol% hectorite sample.
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Fig. 5.6: XRD patterns of Hec31/PVP69 (defect-free material) showing intense 001-
reflections and a rational series of basal reflections up to the ninth order (a).
The cross-sectional TEM images show exceptionally periodic homogeneity of these
hybrid films over large length scales. XRD patterns and cross-sectional TEM
image of Hec51/PVP49 displaying a random stacking of two gallery heights (b).
In-plane (c) and cross-plane (d) thermal conductivities of Hec/PVP hybrid Bragg
stacks, as a function of the hectorite volume fraction. Specific heat of Hec/PVP
hybrid Bragg stacks, as a function of the hectorite volume fraction (e). Normalized
mechanical moduli vs. normalized effective in-plane (f) thermal conductivity. The
dashed line shows a direct correlation between the two axes with a power of one.
Adapted with permission from Wang et al., Angew. Chem. Int. Ed., 2020, 59,
1286- 1294. Copyright 2019 The Authors.

In combination with Brillouin light spectroscopy measurements, a detailed analysis
of the anisotropic mechanical and thermal properties was possible. In the in-plane
direction, the phonon mean free path was dependent on the hybrid composition
and increased from 2 A for the pure PVP sample to 14 A for the pure hectorite
sample. Since these values were much smaller than the lateral size of the hectorite
nanosheets, the high in-plane thermal conductivities of the samples were governed by

the intrinsic material properties, not by the grain boundaries. Furthermore, a direct
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relation of the in- and cross-plane Young’s moduli and the torsional shear modulus
to the in-plane thermal conductivity was found, which is shown in Figure 5.6f. The
thermal transport in the cross-plane direction did not correlate with the mechanical
moduli but was dominated by interfacial effects, as verified using a series resistance
model. A reduction of the interfacial conductance for a hectorite-PVP interface
(89 MW /m?2K) in contrast to hectorite-hectorite (219 MW /m?K) was determined.

While the last two Chapters focused on polymer-water and polymer-hectorite com-
posite materials, Chapter 11 highlights the anisotropic thermal properties of pure
hectorite Bragg stacks and compares them to graphene oxide Bragg stacks. The
stacks consisted of aligned hectorite and GO nanosheets featuring high aspect ratios
due to their large lateral size compared to their low thickness. These samples
have also been produced by spray coating dilute nematic mixtures of hectorite and
GO. Cross-sectional TEM and SEM images are shown in Figure 5.7a and 5.7b for
hectorite and graphene oxide. For each material, two samples with small and large

platelets have been examined.

The results of the thermal conductivities are presented in Figure 5.7c. All values were
in reasonable agreement with literature data. The thermal conductivity anisotropy
was found to be 2- to 3-fold higher for the hectorite samples due to a higher in-plane

thermal conductivity.

cross'-'ﬁlaneT in-plane

Fig. 5.7: A cross-sectional TEM image of an aligned smectic hectorite film (a). White
arrows illustrate the in-plane and cross-plane directions. The inset shows the
structure of a sodium fluorohectorite platelet. Sodium counter ions are located
between two Hec platelets. SEM image of an aligned GO film (b). White arrows
illustrate the in-plane and cross-plane directions. The inset shows an exemplary
structure of graphene oxide. Thermal properties: in-plane (Kin-plane) and cross-
plane (Kcross-plane) thermal conductivity (c¢). The numbers in the graph represent
the anisotropy ratio of the thermal conductivity (Kin-plane/ Iicross_plane). Adapted
with permission from Philipp et al., ACS Appl. Mater. Interfaces 2020, 12, 16,
18785-18791. Copyright 2020 American Chemical Society.

The small hectorite nanosheets (A <0.4 pm) were fabricated via ultrasonication
of the large sheets (A <800pm). The treatment and reduced surface area did
not affect the basal spacing, order, and chemical composition of the samples. As

discussed before in Chapter 10, the in-plane mean free path was still smaller than
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the small platelet sizes. Consequently, boundary effects were negligible, which was

in agreement with the comparable in-plane thermal conductivity values.

Comparable to the hectorite samples, the sheet size did not affect the structure
of the GO samples. However, the stacking was less well-defined, having varied
layer separation and randomly interstratified structures. The main influence on
the thermal conductivity was found to be the degree of oxidation in both GO
samples. An increased amount of defects in the structure with an increasing degree

of oxidation is responsible for a decreased thermal conductivity of a sample.

Overall, the hectorite samples were superior to the GO samples concerning the struc-
tural order, chemical composition, processability, and thermal anisotropy. Therefore,
synthetic hectorite represents a promising material for thermal interface materials

or heat management applications.

In conclusion, this thesis explored the thermal properties of different nanoscopic
materials and their superstructures with a focus on the structure-property rela-
tionship. Thereby, a broad range of materials has been covered: colloidal hollow
silica and titania particles, ampholytic polymers, and two-dimensional Bragg stacks
made from hectorite polyvinylpyrrolidone, and graphene oxide. The combination
of different materials and the assembly into superstructures resulted in thermal
properties ranging from high-temperature insulation materials to highly anisotropic

materials.

This thesis shows that it is worth “playing” with interlocking bricks in the nanoscale,
extending the number of accessible materials and structures. Understanding the
thermal structure-property relationship helps create new thermal management
materials with tailored properties. In the future, this basic research may help solve
thermal challenges, such as insulation applications and heat sinks in electronic

devices.

5.1 Synopsis

73






5.2 My Contributions to Joint Publications

Scalable Synthesis of Smooth PS@QTiO, Core-Shell and TiO,
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Kathmann performed the SCUFF-EM calculations. Svend-Age Biehs performed
the calculations of the transmission coefficients and heat transfer coefficients, was
involved in the scientific discussion, and contributed to the manuscript. Markus
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the manuscript.
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manuscript.

Thermal Transport in Ampholytic Polymers: The Role of
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by Patrick Hummel, Anna M. Lechner (m. Neuhofer), Kai Herrmann, Philip
Biehl, Carsten Rossel, Lisa Wiedenhoft, Felix H. Schacher, and Markus Retsch

We published this article in Macromolecules, 2020, 53, 13, 5528-5537.

Patrick Hummel prepared the samples, performed the photoacoustic measurements,
the density determination, the IR measurements, the humidity experiments, and
worked on the manuscript. I performed standard and modulated differential scanning
calorimetry measurements. Kai Herrmann conducted additional photoacoustic and
density measurements. Philip Biehl, Carsten Rossel and Lisa Wiedenhoft synthesized
and characterized the ampholytic polymers PDha, PAGA, PImAA and PMelmAA.
Felix H. Schacher supervised to the polymer synthesis and contributed to the

manuscript. Markus Retsch supervised the project and worked on the manuscript.

Tunable thermoelastic anisotropy in hybrid Bragg stacks with
extreme polymer confinement

by Zuyuan Wang, Konrad Rolle, Theresa Schilling, Patrick Hummel, Alexandra
Philipp, Bernd A.F. Kopera, Anna M. Lechner (m. Neuhofer), Markus Retsch,
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Zuyuan Wang and Konrad Rolle performed the mechanical characterization with
Brillouin light scattering. Theresa Schilling prepared the composite hectorite sam-
ples. Patrick Hummel measured the through plane thermal diffusivity with the
photoacoustic method. Alexandra Philipp and Bernd Kopera built and implemented
the lock-in thermography setup. Alexandra Philipp measured the in-plane thermal
diffusivity with lock-in thermography. I measured differential scanning calorimetry
to obtain the specific heat capacity. Markus Retsch, Josef Breu, and George Fytas

supervised the work and corrected the manuscript.
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Two-Dimensional Materials: Synthetic Clay Versus Graphene
Oxide

by Alexandra Philipp, Patrick Hummel, Theresa Schilling, Patrick Feicht, Sabine
Rosenfeldt, Michael Ertl, Marius Schottle, Anna M. Lechner (m. Neuhofer),
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Alexandra Philipp measured the in-plane thermal diffusivity with lock-in ther-
mography and contributed to the manuscript. Patrick Hummel measured the
cross-plane thermal conductivity with the photoacoustic method and contributed to
the manuscript. Theresa Schilling prepared hectorite and graphene oxide samples
and contributed to the manuscript. Patrick Feicht synthesized the graphene oxide
(GO-syn) sample. Sabine Rosenfeldt performed the small-angle X-ray scattering
measurements. Michael Ertl performed the X-ray photoelectron spectroscopy experi-
ments. Marius Schottle conducted the Raman measurements. I measured differential
scanning calorimetry to obtain the specific heat capacity. Zhen Xu provided the
commercial GO material. Chao Gao proofread the manuscript. Josef Breu was
involved in scientific discussion, supervised the project and corrected the manuscript.
Markus Retsch was involved in scientific discussion, supervised the project and

corrected the manuscript.
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6.1 Abstract

Hollow spheres made from titanium dioxide (TiO2) are interesting structures because
of their high surface area and low density, combined with semiconducting properties
of the TiOs. However, the synthesis is still challenging because of the high reactivity
of the titania precursors. Here, we present a simple, reproducible, and scalable way
to synthesize TiOy hollow spheres in the micrometer/sub-micrometer size range
comprising three steps: synthesis of polystyrene template particles, growth of TiO9
shells, and calcination to hollow spheres. We investigate the importance of adjusting
the seed particle surface functionalization via the appropriate choice of comonomer
during the dispersion polymerization. An aging step and a calcination process
at low temperatures are mandatory to retain the particle integrity during the
seed particle removal. We provide a detailed characterization of each step of this
process including electron microscopy, small angle X-ray scattering, and simultaneous

thermal analysis.

6.2 Introduction

Environmental pollution is a worldwide pressing issue, which needs to be addressed
by society, politicians, and researchers. Whereas “chemistry” certainly contributes
in various ways to environmental pollution, it also offers solutions toward a more
sustainable future. The awareness of this fact led to the field of “green chemistry”.
It was introduced in 1998 by Paul Anastas and John Warner and is based on twelve
principles to design chemical products and processes in an environmental friendly

Wa‘y[l]i[g] .

It includes less hazardous chemical synthesis and solvents, design for
energy efficiency, and catalysis. One particular materials class that is regularly
discussed in the context of green chemistry is titanium dioxide. Titanium dioxide
(TiOg2) can be classified as a green chemical or material because of its photocatalytic
activity4):0], usage in solar cellslf-8 and batteriesl® 1 low toxicity, and high

chemical stability.

TiOs exists in many different polymorphs, with rutile, brookite, and anatase being
the most prominent ones. The main difference of the three polymorphs is their
thermodynamic stability. Rutile is the most stable phase in bulk materials and at

high temperatures!!2:[13]

. However, anatase and brookite phases are preferentially
formed in small structures in nature as well as during solution-based synthesis!*3/-15].
An amorphous TiOs phase is also known and typically used as the starting ma-

terial for transformations into phase pure anatase particles at high temperatures
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In addition to the microscopic structure, the mesoscopic shape of the TiOs material
is important for photovoltaic, or photonic applications. Different shapes have
been tested as electrodes for photovoltaic applications: thin films, nanoparticle

~123] Nanotube arrays achieved

assemblies, inverse opals, and nanotube arrays[lg}
photoconversion efficiencies up to 4.9% in solar cellsl??l and can also be used for
hydrogen storage applications!?4l. For optical and photonic applications, typically

12),[251-27] | Here, the high refractive index of the

inverse opal structures are used!
different polymorphs of TiOs is used in the context of structural coloration or

efficient scattering.

The different shapes can be achieved via a wide range of synthesis routes'2:28],

The most common and easy one is the sol-gel method, where a precursor is first
hydrolyzed in an acidic or basic environment, followed by polymerization into TiOs.
Organic metal compounds or inorganic metal salts are used as precursors. The
sol-gel synthesis method leads to a wide variety of structures, from nanoparticles
in different sizes and shapes to rod- and tube-like structures. Further methods
are hydrothermal or solvothermal synthesis, where the reaction takes place at
temperatures above the boiling point of the solvent up to 240 °C in an autoclave, and

[12],[13],[29]

thus at high pressures Using this method, it is possible to generate phase

pure nanoparticles or nanorods. Chemical or physical vapor deposition processes

are further synthesis methods that lead to oriented nanowire arrays/12:28].

It is also possible to build TiO4 structures in a templated approach. This leads to
inverse opals or hollow spheres after removal of the template. To prepare inverse
opals, usually, a template structure from assembled polymer particles is infiltrated
either with a precursor mixture that undergoes a sol-gel reaction in the pores or

sB3. A different approach was used by Lu

with pre-synthesized TiO2 nanoparticle
et al. who first prepared polymer-TiOs core-shell particles that were assembled
and calcined to get macroporous structures. They were able to prepare phase pure
anatase particles at room temperature by using polystyrene particles with grafted
poly(styrene sodium sulfonate) chains as template particles. The TiO2 particles
were synthesized by a sol-gel process in between the grafted polymer chains by slowly
adding a precursor solution. The core-shell particles were assembled by drying the
dispersion and calcined in argon to remain the three-dimensional structurel®. This
synthesis is located between an inverse opal and a hollow sphere synthesis. Hollow
sphere objects have evolved over the past years as a particularly interesting shape,
owing to the material structuring on multiple length scales: shell, particle diameter,

and particle ensemblel31-133],

The particles have a low density but are large enough
to be easily filtered and recycled after a catalysis process. Furthermore, the surface
area is large and freely accessible from both sides which may be interesting for solar

cells or battery devices.
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A wide-spread and general approach toward hollow sphere structures is based on
shell growth on top of polymeric seed particles. Three steps need to be controlled
for this process: (1) template particle formation, (2) shell growth, and (3) template

removal (see Fig. 6.1).

di persi y
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Fig. 6.1: Overview on the three steps that are needed to prepare TiOs hollow spheres.

First, cationic polystyrene particles are synthesized via dispersion polymerization,
using Polyvinylpyrrolidone (PVP) as stabilizer and 2-Methacryloxyethyltrimethyl-
ammoniumchloride (MTC) as comonomer. The TiOy shells are fabricated by a
condensation reaction of titanium butoxide (TBT). After an aging step of 24 h,
the particles were calcined at 400 °C in air

We briefly outline these steps:

1. The template particles are typically synthesized via emulsifier-free emul-

sion polymerization or dispersion polymerization. The mechanism of dis-
persion polymerization has been discussed by Barrett and Arshady and is well

[341,[35] " Generally, size control in dispersion polymerization is achieved by

known
the amount of monomer%l, solvent®5-37:38]  and stabilizer selection!34)B7138]
respectively. Cheng et al.’% used an ethanol/water mixture as solvent and
polyvinylpyrrolidone (PVP) as stabilizer. Furthermore, a co-monomer can be

used to introduce a specific surface charge.

. Shell growth: One major issue of the TiOg shell growth — in contrast to a

silica coating — is the high reactivity of the TiOy precursors. Barlier et al.
examined the condensation reaction in detaill®. The reaction happens in two
steps: the hydrolysis of the titanium precursor and the condensation to the
TiO2 network (Scheme 6.1). Imhof was the first who coated polystyrene (PS)
particles with a thin TiOs layer in a one-step sol-gel approach?). Up to now,
several more methods have been published based on sol-gel synthesis: varying

[361,[41-43] Wang et al. controlled

precursors, solvents, and template particles
the diffusion of the TiO2 precursor by synthesizing in an ethanol/acetonitrile
mixture. With this approach, they were able to get defined shell thicknesses

between 8 and 65 nm on 300 nm anionic PS particles!*3]. Taniguchi et al. used
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grafted poly[2-(N,Ndimethylamino)ethyl] methacrylate chains on PS template
particles that catalyzed the hydrolysis and condensation of the TiO2 precursor
and were able to coat template particles in a size range of 90— 450 nm!42l.
Cheng et al. were the only ones who controlled the reaction speed by adding
the TiOy precursor dropwise within 30 min instead of one quick addition step.
Similar to Imhof et al., they used cationic PS template particles that attracted

the TiOs precursor and lead to shell growth!36l.

CH,
J_/ HO OH
fe) +4n H,0 ;
HC O/ - 4n But-OH /N
Ti
- HO OH
ﬁf / nH,0
HiC C\’ Cf)
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Scheme 6.1: Condensation reaction of titanium butoxide in water

3. There are two options to remove the template particles: dissolution and calci-
nation. Toluenel* or THF*! are commonly used to dissolve non-crosslinked
polymer cores via repeated centrifugation and redispersion. This requires a cer-
tain degree of porosity and pore sizes in the coated shell to allow for sufficient
mass transport. Cheng et al. removed the core directly after the synthesis while
heating the core-shell particles in an ethanol-ammonia mixturel®®l. Calcination,

however, is the more widespread strategy to remove the templatel40-144 An

inherent side-effect of the thermal decomposition is the concomitant phase
transition of the amorphous TiOs shell into its anatase form. Therefore, the
selection of the right temperature profile and calcination atmosphere is of
main importance for the stability of the final hollow particles. It is common
to simply heat the samples in air between 500 and 600 °C, followed by an
isothermal step of 2 to 3hM40:42L1431 Ty et al. found that their structures
collapsed when using this simple approach. That is why they first pyrolised
their structures in an inert atmosphere at 500 °C, followed by a calcination
step in air to remove the carbon that stabilized the structure®. Schroden et
al. solved the stability problem by applying a more complex heating ramp.

Generally, they used very slow heating rates of 2 K/min and heated the sample

first to 300 °C for 2 h, followed by a second heating step to 400 °C for 2h. With

this profile, they were able to get stable inverse opal structures without using

an inert atmosphere during the thermal treatment[2%).
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We build upon these existing methods and provide an approach toward highly
uniform TiOs hollow spheres with a scalable and simple synthesis route. We used
dispersion polymerization to prepare monodisperse polystyrene particles in a size
range of 700 nm to 1.3 pm. Our method extends the range of accessible particle sizes
known from emulsifier-free emulsion polymerization considerably, where an upper
limit of 600-800 nm is known*l. Furthermore, few purification steps are needed
in our protocol, which improves the efficiency and yield of the synthesis. Using a
combined mass loss — differential scanning calorimetry — infrared analysis, we also

provide a better understanding of the calcination mechanism.

6.3 Materials and methods

6.3.1 Materials

2-Methacryloxyethyltrimethylammoniumchloride (MTC, Sigma-Aldrich GmbH, 75 %
soln. in water), ethanol abs. (Sigma-Aldrich GmbH, > 99.8 %), polyvinylpyrroli-
done (PVP, Sigma-Aldrich GmbH, 40.000 g/mol), styrene (Sigma-Aldrich GmbH,
> 99 %), titanium butoxide (TBT, Sigma Aldrich GmbH, 97 %) were used as received.
Millipore water was taken from a Millipore Direct Q3UV unit (Merck Millipore).
2,2’-Azobis(2-methylpropionitril) (AIBN, Sigma-Aldrich GmbH) was recrystallized

from ethanol before use.

6.3.2 Synthesis of PS particles

3g PVP (40.000 g/mol) were dissolved in 10 mL ethanol via ultrasonication. The
PVP solution, 46 mL of ethanol, 10 mL ultrapure water, half of the styrene (see
Table 6.1), and 300 mg AIBN were added to a 250 mL three-necked flask equipped
with a reflux condenser and a gas inlet. The solution was degassed while stirring
with an egg-shaped stirring bar with a speed of 150 rpm. After 30 min, the mixture
was slowly heated to the reaction temperature of 70 °C by turning the hot plate on.
Fifty-six milliliters of ethanol, the second half of the styrene, and the MTC were
premixed in an Erlenmeyer flask and added after 90 min. The reaction was carried
out overnight stirring continuously with a speed of 150 rpm under a slight argon
flow. The polymerization was stopped by exposing the dispersion to ambient air and
filtrated using a 125 pm nylon filter sieve. The concentration of the particles was
determined gravimetrically. For the calculation of the conversion of the particles, the

concentration was divided by the theoretical concentration at 100 % conversion.
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Tab. 6.1: Amount of styrene, comonomer 2-methacryloxyethyltrimethylammoniumchloride,
and initiator 2,2’-Azobis(2-methylpropionitril) (AIBN) that was used for the
dispersion polymerization with 112 mL ethanol and 10 mL water. Concentration®,
conversion®, diameter”, d, standard deviation, o, and zeta potential, ¢, of the
resulting particles

Sample V A% m Conc. Conv. d o ¢

(Styrene) (MTC) (AIBN) (SEM)

[ml] mL] g [mg/mL]* [%]*  [nm]>  [%]>  [mV]?
A 6 109 0.3 65 90 673 1.9 34
B 10 180 0.3 90 87 952 2.4 40
C 14 254 0.3 110 83 1059 3.6 34
D 18 327 0.3 134 82 1196 2.3 39
E 22 400 0.3 158 81 1353 2.8 36
F 6 109 0.15 65 87 735 3.6 38
G 10 180 0.15 89 88 902 5.0 37
H 14 254 0.15 106 80 970 4.2 39
I 18 327 0.15 131 81 1191 2.5 37
J 22 400 0.15 178 92 1374 1.7 38
X 6 0 0.3 65 92 802 2.3 1
Y 170 0.3 62 86 621 3.6 34
A 300 0.3 51 69 34

@ Determined gravimetrically,

b

¢ no values are provided for diameter and standard deviation because of an unspherical

shape and clustering of the particles, and

measured by SEM image analysis of at least 100 particles,

d the zeta potential was determined in an ethanolic dispersion

6.3.3 Synthesis of TiO, shells

The synthesis was performed at room temperature. 6.3 mL PS dispersion and 37 mL
ethanol were added to an Erlenmeyer flask equipped with a septum. The dispersion
was stirred at 350 rpm using a magnetic stirrer bar during the degassing and TBT
addition steps. The dispersion was degassed for 10 min with argon. 0.8 mL TBT was
mixed with 3.2ml ethanol and added within 30 min using a syringe pump. After
the addition, the dispersion was allowed to age for 24 h without stirring. This aging
step is essential to obtain core-shell particles of sufficient mechanical robustness to

allow for the final calcination procedure. Particles were washed three times with

ethanol for purification.
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6.3.4 Synthesis of hollow TiO, particles

The particles were freezedried in an 80:20 vol% ethanol-water mixture. The PS core
was removed by calcination in air. A modified temperature profile of Schroden et
all?] was used. The samples were heated to 300°C with a heating rate of 2 K /min,
followed by an isothermal step of 2h. The samples were then heated to 400 °C with a
heating rate of 2 K/min, followed by an isothermal step of 12h. Finally, the samples

were cooled down to room temperature for 5 h.

6.3.5 Characterization methods

Scanning electron microscopy (SEM) and scanning transmission electron microscopy
(STEM) were performed using a Zeiss Ultraplus instrument using acceleration
voltages of 3kV or 10kV. InLens, Everhard-Thornley, and STEM detector were
used. Core-shell particles were calcined directly on a silicon wafer or Si02 TEM
grid (Plano GmbH).

The diameter of the PS template particles was evaluated using the MATLAB circle

detection function (see S1). The search parameters were optimized manually.

Zeta potential was measured using Zetasizer Nano-ZS (Malvern Panalytical). Three
measurements consisting of 10-100 runs were performed. The particles were diluted
in ethanol without further purification. No additional substances were added to

adjust the pH and background salt concentration.

Transmission electron microscopy (TEM) measurements were performed with a
JEOL JEM-2200FS field emission energy filtering transmission electron microscope
(FEEFTEM) operated at an acceleration voltage of 200kV. Zero-loss filtered micro-
graphs (AE ~ 0eV) were recorded with a bottom-mounted CMOS camera system
(OneView, Gatan) and processed with DM 3.3 image processing software (Gatan).
Tilt series and tomography reconstructions were performed with SerialEM and
IMOD software packages, supporting the entire tomography workflow, from data
acquisition to image processing and modeling. The software was developed by
David Mastronarde at the Boulder Laboratory for 3D Electron Microscopy (Boulder,
Colorado, USA). Videos of the tilt-series of hollow TiO2 particles were exported

from ImageJ distribution Fijil*6l,

Small-angle X-ray scattering (SAXS) measurements were performed on freeze-dried
samples in 1 mm glass capillaries (Hilgenberg, code 4007610, Germany) at room

temperature. The measurements were performed in a transmission geometry using

a Double Ganesha AIR system (SAXSLAB). A rotating copper anode (MicroMax
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007HF, Rigaku Corporation) is the X-ray source of this system. Data was recorded

using a position-sensitive detector (PILATUS 300 K, Dectris). Different detector

o —1
positions were used to cover scattering vectors q between 0.0024 and 0.2A . The

radially averaged data were normalized to the incident beam and sample thickness.

Calculations were done using the software SASFIT (version 0.94.1, Kohlbrecher and

Bressler)*”) or SasView (version 4.2)!48] or Scatter (version 2.5)49.

X-ray powder diffraction patterns for the core-shell and hollow spheres were recorded
in Bragg-Brentano-geometry on an Empyrean diffractometer (PANalytical B.V.; the
Netherlands) using Cu- K, radiation (A = 1.541 87 A)

Simultaneous thermal analysis (STA) measurements were performed on a STA 449 F3
Jupiter (Netzsch) equipped with a Bruker Alpha IT IR spectrometer using the same
temperature ramp that was used for calcination. A DSC/TG OctoS sample holder
and PtRh20 crucibles with lids were used. An airflow of 50 mL/min was adjusted for
the measurement. Differential scanning calorimetry (DSC) measurements show an
increase in the baseline at the heating step from 400 to 700 °C, which is caused by
the baseline calibration. IR measurements were divided by a reference measurement
that was taken before the sample measurement started. Due to fluctuations of the
baseline over the measurement time, this led to transmission values above 100 % for
water bands (3750 cm ™! and 1500 cm~!) and CO2 bands (2250 cm™!). Furthermore,
a rubber band baseline correction was performed to cancel out an overall intensity

shift that was caused by the increasing temperature of the measured gas.

6.4 Results and discussion

6.4.1 Synthesis of polystyrene template particles

An overview on the explicit particle recipes is shown in Table 6.1. To control the
particle size, the amount of styrene was increased from 6 to 22 mL. As can be seen in
Fig. 6.2a, the particle diameter can be adjusted linearly with the amount of added
styrene. The amount of initiator 2,2’-Azobis(2- methylpropionitril) (AIBN) does
not influence the final particle size. This can be inferred from particles A-E with
0.3g of AIBN, and particles F-J with 0.15g AIBN. Further, we find no influence

of the initiator concentration on the conversion of the synthesis within this range.

The overall conversion was determined to be 80 to 90 % for all syntheses (see Table
6.1).

6.4 Results and discussion
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Fig. 6.2: Diameter of particles from dispersion polymerization dependent on the amount
of styrene and the amount of initiator AIBN (a). Corresponding SEM images
of the PS particles (b) top row with a high and bottom row with a low initiator
concentration. The styrene volume increases from left to right

Electrostatic stabilization is introduced by the addition of the comonomer 2-
Methacryloxyethyltrimethylammoniumchloride (MTC). This introduces a positive
charge to the particle surface. For particles A—J, we kept the molar ratio between
monomer and comonomer constant with a ratio of 0.8 mol%. This ratio results in
a zeta potential of about +40 mV for all particles. A ratio between monomer and
comonomer in the range of 0.8 mol% (particles A-J) up to 1.2mol% (particles Y)
leads to well-functionalized, stable colloids. This is demonstrated by the synthesis of
particles X-Z with different amounts of MTC, while styrene and AIBN concentration
were kept constant (Fig. 6.3). Particle X was fabricated without MTC, resulting in
a zeta potential ~ 0mV. Nevertheless, owing to the use of PVP as a steric stabilizer,
the dispersion is still stable. Without MTC, the particles exhibit a very smooth
surface. Increasing the amount of MTC to 170 pl lead to a rougher surface, while the
particle shape remained spherical. Further increasing the amount of MTC to 300 ul
lead to aggregated and deformed particles. The particle aggregation is accompanied
by a reduction in the overall conversion. The particle diameter decreased by 200 nm
from particles X to Y. A potential reason for this deviation from the expected particle
diameter is the better solubility of the PS oligomers due to the copolymerization
with MTC. This can reduce the tendency for newly formed oligomers to precipitate
onto the existing nuclei. As a consequence, the particle growth is less compared
to the comonomer free synthesis. Furthermore, newly formed, small nuclei may
aggregate on larger particles, resulting in an increasing particle roughness. Overall,
using dispersion polymerization, it is possible to prepare polymer particles with
standard deviations that are less or equal 5% of the diameter and are, therefore,
highly monodisperse (see SI Fig. 2). It provides access to a complementary size
range with particle sizes around 1 pm. We want to stress the simplicity of these
recipes, where all chemicals, except for AIBN were used without any additional

purification.
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Fig. 6.3: SEM and TEM images of particles X—Z, the corresponding PSQTiOs core-shell
particles, and hollow TiOs particles, as well as TEM tomography reconstructions
of parts of a slice of the hollow particles

6.4.2 Synthesis of TiO, shells

The PS particles were used as seed templates without purification — not even
centrifugation after the dispersion polymerization was employed. This procedure is
similar to the scalable synthesis of PS@SiO2 core-shell and SiOs hollow spheres®?,
which provided access to gram-scale amounts of hollow silica spheres. An ethanolic
solution (V = 4mL) of the precursor titanium butoxide (TBT) was added with
a concentration of 0.6 molL ! to the ethanolic particle dispersion using a syringe
pump within 30 min. We first investigated the influence of the template particle

surface functionalization on the TiO9 immobilization and shell formation.

Figure 6.3 demonstrates the necessity to adjust the cationic surface functionaliza-
tion. Without the addition of MTC granular TiO2 nuclei are immobilized on the
polymer surface. For both cases of added MTC (particles Y and Z, respectively) an
increasingly smooth shell was observed. The granular appearance of the TiOg shell is
already apparent in the amorphous shell directly after the TiO2 condensation. This
can be inferred from the SEM images of the core-shell structures (Fig. 6.3, second
column), where white speckles cover the previously smooth surface. The presence
of MTC at the particle surface apparently influences the nucleation and growth
mechanism, which we assign to the altered electrostatic environment. Removing

the template core by calcination preserves this granularity, which is shown in TEM

6.4 Results and discussion

89



90

and TEM tomography images (Fig. 6.3 right panels). The spherical shape of the
hollow sphere is also preserved, which is apparent from the TEM tilt series (see SI gif
files). The highest amount of MTC resulted in the most compact and least granular
shells. Nevertheless, the TiOgy coated structures were clustered due to the already
clustered particles in the PS seed dispersion. Consequently, a balanced adjustment
of the particle surface functionality via MTC is crucial for the colloidal stability and

successful coating step.

6.4.3 Calcination process

Calcination is the final step to obtain hollow TiOy particles (Fig. 6.3 right panel).
We want to stress that the core-shell particles can only be transformed into hollow
spheres successfully after aging the core-shell dispersion for 24 h prior to purification.
This aging process apparently improves the formation of a pre-condensed TiOs
network and proper covalent connectivity among the granular nuclei in the shell.

The shell resilience to the thermal decomposition process is improved.

Furthermore, the calcination process itself is very important. We used an adapted

25 where the template removal is achieved in

temperature profile of Schroden et al.
a two-step process. The first calcination step is undertaken just at the onset of PS
decomposition at a relatively low temperature (300 °C). The complete degradation of
the PS is then achieved by a second step at 400 °C. To gain a deeper understanding
of the calcination process, combined TGA, DSC, and IR measurements have been

performed in air and nitrogen (see Fig. 6.4 a—d and Fig. 6.9).

The pure template particles (polystyrene) show three prominent steps. These are
directly related to the applied temperature profile. The degradation starts at the
end of the first heating ramp (2 K/min) (1). Already 80 % of polystyrene decompose
in the form of CO2 during the isothermal conditions (300 °C), which took 2h. The
PS decomposition is strongly accelerated during the second heat ramp (2 K/min) to
400°C (2). Within 300 mins another 13 % of PS are decomposed to COg2, whereas the
residues remain stable in air during the 5h isothermal heating step at 400 °C. The
last 5 % of material is fully decomposed during the last heating ramp up to 700 °C (3).
The IR spectra (Fig. 6.4c) only indicated COs as the decomposition product. Single
IR spectra of the three steps can be found in the supporting information. Each of
the decomposition steps was accompanied by an exothermal event in the DSC signal.

This indicates the oxidative decomposition of the polystyrene backbonel®:[52),
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Fig. 6.4: Combined STA (a), DSC (b), and IR measurements to investigate the calcination
process of pure PS particles (¢) and PS@TiO, particles (d). Results of SAXS mea-
surements of PS, PSQTiO4, and TiO3 hollow spheres (e) and XRD measurements
of the PS@QTiO2 and hollow TiOs spheres (f). For all measurements, particles Y
have been used

The calcination of the core-shell particles shows a couple of interesting deviations from
the pure PS decomposition. The degradation starts at the same time/temperature
as the pure polystyrene particles (1). Since the IR spectra show exclusively COq
bands (see Fig. 6.4d), it is reasonable to assume that only the polymer decomposed
at this point. The PS decomposition, however, is significantly slower compared to
the neat seed particles. This could be caused by the limited mass transport to the
PS core owing to the presence of the TiO2 shell. Only 40 % mass has been lost by
the end of the first isothermal annealing step at 300 °C. The DSC signal reveals a
second event occurring during the isothermal part at 300 °C (2). Xie et al. saw a
similar exothermic peak in their differential thermal analysis measurements on TiO9
particles from different phases at 280 °CI%3]. They found that this peak is due to the
loss of water absorbed at the TiOs particle surface. Therefore, the peak could be
linked to a condensation process in the TiOy shell and the release of the enclosed
water molecules. However, we cannot unambiguously determine the onset of water
loss in the IR spectra because the amount of released water is very low and cannot
be separated from the background water bands at 3750 cm™! and 1500 cm™!. The
second heating ramp lead to a third prominent step at 400°C (3). In this case,
the degradation product is also COs. In contrast to the pure PS particles, the
last heating step to 700 °C results in a very small mass loss of only 2 %. Since the
corresponding IR data show no trace of COq, all PS must already be decomposed at

the end of the second isothermal step, and a further condensation reaction of the
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TiOs is assumed. Calculations show that 34 % material should be left over, which

agrees well with the experimental data of 33 %.

We conclude that the TiOs shell aids the decomposition reaction of the polymer
even though the mass transfer is reduced. In our case, it is not possible to see
the transformation of the amorphous to the anatase phase in the DSC curves. Xi
et al. and Li et al. saw this event happening at temperatures above 400 °C[53):54],
Therefore, the effect is likely to be superimposed by the exothermic degradation

peak of PS.

These results show the importance of the right temperature profile for the calcination
process. The overall particle shrinkage can be estimated by the mass loss of the PS
particle at the first heating step.The mass loss translates into a volume shrinkage
of the template particle. Assuming an isotropic shrinkage of the template particle,
the diameter of the shrunk particle can be recalculated. The shrunk particle size
then corresponds to the final hollow-core diameter. Starting with an initial particle
with a diameter of 621 nm and considering a mass loss of 40 %, this would result
in a shrunk particle diameter of 520 nm. This is in reasonable agreement with the
experimental data, where the hollow core has a size of ~ 500nm. Calcinations
in inert atmosphere,where the template particle is intact much longer, show less
shrinkage of the hollow spheres (see SI Fig. 6.9). This observation strengthens
the interpretation that the second peak in the DSC measurements is connected
to the formation of the final and stable TiOs structure, and therefore to the shell
condensation process. Calcination profiles, which omit the mild calcination at 300 °C
or which feature too fast heating ramps, sacrifice the shell integrity and result in

collapsed structures (see SI Fig. 6.10).

The structures of the polystyrene, core-shell, and hollow particles Y (see Fig. 6.4e)
were further characterized by SAXS and SEM/TEM. The measured SAXS data
exhibit only weak features, which prevent a thorough fitting analysis. Furthermore,
PS seed particles are too large to identify the radius in the experimentally reachable ¢
range. Thus, based on the TEM result, we calculated the form factor of homogeneous
spheres with a diameter of 621 nm and compared it to our experimental data - both
agree well. The model has a Gaussian size distribution with a standard derivation
of 10 %, which is slightly higher compared to the SEM images due to instrumental
smearing effects. The measurement of the PSQTiOs core-shell particles is shown
in Fig. 6.4e (green symbols). The scattering of PS@SiO2 can be described by the
model of a homogeneous core-homogeneous shelll®. The sharp and well defined
boundary between core and (monodisperse) shell leads to significant oscillations in the
scattering data. In contrast to PS@SiO2 the shell of PS@QTiOs is less dense and highly
particulate (see Fig. 6.3). As consequence of such a fractal-like shell morphology,

the corresponding form factor scattering miss such pronounced oscillations. The
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main features are a q~* scaling at intermediate q (ca. 0.008-0.05 A_l) and a q~2
power law for q > 0.057 A_l. A very weak oscillation around 0.017 A_l hints toward
the expected dimension of the shell thickness of about 30-40 nm before calcination.
The q~2 power law for q > 0.057 A_l is indicative of strong scatters with a mainly
2Dstructure. This is in contrast to scattering patterns of similar (silica-based)

[55,[56]

core-shell systems These systems exhibit a pronounced form factor and no

q~ 2 scaling law at high q.

a_ b C ‘ ,, e

PS@TIO, &
core-shell &

TiO,
hollow
spheres

STEM:
TiO,
hollow
spheres

200 nm

Fig. 6.5: SEM images of PSQTiOs core-shell particles of different sizes (A-E) and corre-
sponding TiOs hollow spheres. The last row shows STEM images of single TiOs
hollow spheres

The deviation of our system from these findings can be understood by the scattering
contrast situation (PS ~ 9.51 x 1076 A_z, TiO9 ~ 31.8 x 1076 A_2, no solvent) and
the lower bending curvature due to the large template particle diameter. At high q,
the =2 term seems to simply add up to the scattering of a pure PS sphere (q~%)
underlining the fact that the shell is particulate. For comparison, the scattering of
homogeneous core-homogeneous shell spheres is given (d = 621 nm, 10 % Gaussian
distribution and dghen = 35nm, 20% Gaussian distribution; green dotted line
PS@TiO2). During the calcination process, the amorphous TiO2 shells undergo
a transformation into anatase phase (Fig. 6.4f). During this process the overall
size of the particle shrinks. The experimental SAXS scattering pattern of these
hollow spheres exhibits a minimum at q ~ 0.026 angstrom™'. The corresponding
correlation length of about 24 nm agrees well with the thickness of the TiOg shell
obtained from TEM analysis. The q~* behavior at intermediate and high q reflects
the contrast situation for hollow spheres. This is corroborated by the calculation of
homogenous hollow spheres (blue dotted line; dipner = 621 nm, 10 % Gaussian with
zero contrast, dghe = 24nm, 25 % Gaussian with contrast 31.8 x 1076 A_2). The

6.4 Results and discussion
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q~2 power law at low q is attributed to the particulate shell, since rough surfaces

can be considered as fractals.

As stated above, the TiO9 shell undergoes a phase transition during the calcination
procedure. This can be seen in Xray diffraction measurements in Fig. 6.4f. The
core-shell particles (green line) do not show any features except for an amorphous
halo. This pattern is caused by the TiO2 and the amorphous polymer core. After
calcination, distinct peaks are visible (blue line). The inset shows the normalized

data that agree very well with the expected diffraction pattern of anatase.

6.4.4 Size series of TiO, hollow particles

We now want to highlight the robustness of our synthetic protocol. Therefore, TiO-
shells have been synthesized on PS particles A-E. Setting the MTC/Styrene ratio
to 0.8mol% during the seed synthesis and the amount of TBT to 5.5 x 107 to
6.5 x 10~* mol/m? particle surface during the coating step, it is possible to fabricate
TiOy core-shell particles without secondary nucleation or particle clustering (Fig.
6.5). When using 800 nL. of TBT, shell thicknesses between 45 and 60nm could
be achieved. Stable and smooth TiOs shells could be immobilized on the PS seed
particles. Also, the template particles themselves remain colloidally stable and are
coated as individual objects. One may expect that the shell thickness decreases with
increasing template particle diameter when employing the same amount of TBT
precursor. This, however, would only be true, if the same particle concentration was
used. Owing to our scalable process, we directly use the as-synthesized polymer
dispersion, where both, particle diameter and particle concentration vary with the
initial monomer concentration. Both parameters cancel each other out leading to

comparable shell thicknesses for each batch.

Calcination of the particles in air leads to an isotropic shrinkage up to 20 % compared
to the core-shell size (see STEM, Fig. 6.5). For particles > 700 nm we find no
systematic variation of the degree of shrinkage to the particle size. As a consequence,
the TiO4 hollow spheres B, C, and D all have the same particle diameter of ~ 900 nm;
particle E is slightly larger with 1025 nm. Yet, despite the considerable shrinkage, the
particles retain their spherical shape and shrink in an isotropic fashion. This is even
more remarkable as the ratio ¢/D between shell thickness (¢) and particle diameter
(D) is very small. ¢/D ranges from 4 % for the smallest hollow spheres to 2 % for the
largest one. With decreasing ¢/R ratio the mechanical stability of the TiOg hollow
spheres decreases, which is also known for their silica shell counterparts®”. We,
consequently, observed an increased portion of fractured or buckled hollow spheres

from particles C to E.

Chapter 6 Synthesis of PS@TiO, Core-Shell and TiO» Hollow Spheres



6.5 Conclusion

Our contribution addresses several important aspects in the field of templated hollow
sphere synthesis. We firstly introduced dispersion polymerization as a suitable alter-
native to established emulsion polymerization techniques for synthesizing template
particles in the 500 to 1300 nm size regime. The template particles can be func-
tionalized with comonomers to control the particle surface charge. These template
beads can be used without additional purification steps for the synthesis of homoge-
neous TiOg shells. This strategy allows for a scalable synthesis of well-coated TiOq
core-shell particles. However, it is important to control the amount of comonomer
used during the dispersion polymerization. This affects the stability of the colloidal
particles and the granularity of the TiOy shell. We thoroughly investigated the
calcination procedure yielding the hollow particles. The usage of an isothermal step
at the onset of polystyrene decomposition is crucial for retaining the hollow particle
shape. Our presented method could be applied to a range of template particles
with different sizes. Overall, this facile, reproducible and scalable method, creates
well-defined TiO core-shell or hollow particles that can be used in applications,

where the properties of TiOs are beneficial.
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6.7 Supporting Information

6.7.1 Particle diameter evaluation
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Fig. 6.6: Output of SEM image after MATLAB circle detection method. The green circles
indicate the particles that were included in the evaluation
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6.7.2 PS particle histograms
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6.7.3 PS particle surface area per mL dispersion

Tab. 6.2: Calculation of total surface area (Ayot) per ml PS particle dispersion, assuming the
density of PS being 1040kg/m3. First, the number (n) of particles is calculated

from the mass (m) of a single particle and the concentration (c¢) of the dispersion.

Agot is determined by multiplying n with the surface area of one particle. The
total surface area per ml does not change significantly.

d (SEM) m (particle) ¢ n (particle) A (particle) Aot
[nm)] [mg] [mg/ml] per ml [m?] per ml
673 1.66E-10  6.50E+01  3.92E4+11  1.42E-12 5.57E-01
952 4.70E-10 9.00E401 1.92E411 2.85E-12 5.45E-01

1059 6.47E-10 1.10E4+02  1.70E+11  3.52E-12 5.99E-01
1196 9.32E-10 1.34E402  1.44E+411 4.49E-12 6.46E-01
1353 1.35E-09 1.58E+02 1.17TE+11  5.75E-12 6.74E-01

H O aQwm =

6.7.4 Single IR spectra

Fig. 6.8 shows the single IR spectra of the STA measurements of pure PS and
PSQ@TiO4 particles shown in Fig. 6.4. The spectra were exported after the first
baseline correction. At the first baseline correction, the measured signal is divided
by a baseline measurement that is taken before the sample measurement starts.
Since the baseline varies with increasing temperature, this can lead to transmittance
values larger than 1. This effect was visible in the PS sample. Furthermore, an
intensity shift is visible with increasing temperature. The effect is larger for the
PS@TiO, sample and is caused by the increasing temperature of the measured gas,
which is not considered in the first baseline correction. The OPUS software tries to

cancel this effect out by the rubberband baseline correction.
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Fig. 6.8: Single IR Spectra of STA measurements at positions 1, 2 and 3 of Fig. 6.4. The
spectra were taken before the rubberband baseline correction.
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6.7.5 Particle shrinkage inert calcination

The left column of figure 6.9 shows the STA data from inert calcination of PSQTiO4
particles A. In the TG (a) and DSC (b) curves three events are visible. The first step
happens during the first heating ramp to 300 °C and may be due to loss of adsorbed
water and loss of low molecular weight residues. The DSC signal reveals a jump at
the onset of the isothermal step (2). In contrast to calcination in air, we observe
only a minimum mass loss during this isothermal step. The last step (3) happens at
the second heating ramp to 400 °C. During this heating ramp a rapid mass loss to
the expected value of about 35 % happens. Owing to the inert atmosphere the IR
signal shows only spectra of aromatic hydrocarbons and no COs in this range. The
decomposition occurs in this case via an endothermic decomposition in contrast to

the exothermic combustion in air.

From the SEM images on the right column (d-f) it can be seen that the particle
shrinkage in inert calcination atmosphere is less than in air calcination. In the case
of inert calcination, the mass loss is 10 % until the precondensation starts. In the
case of core-shell particles A, the diameter shrinkage is 12% in the case of inert
calcination and 18 % in the case of air calcination. This underlines our observation
that the first degradation and size reduction of the PS template particle strongly
affects the size of the final TiO2 hollow particles.
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Fig. 6.9: TG (a), DSC (b), and IR (c¢) measurements of inert calcination of PSQTiO,
particles A. The right column shows SEM images of the core-shell (d) particles,
hollow TiO2 particles calcined in air (e) and hollow particles calcined in inert
atmosphere (f)
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6.7.6 Influence of calcination ramp on particle stability

Fig. 6.10: Particles that collapsed during calcination to 500 °C with 2 K/min without isother-
mal steps
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7.1 Abstract

Efficient thermal insulation at high temperatures poses stringent requirements on
suitable materials. Low density, porous inorganic structures with pore sizes in the
sub-micrometer range are of particular interest for such materials to control heat
conduction. Simultaneously, thermal radiation has to be suppressed, which depends
on the optical properties of the constituents. Here, the authors demonstrate a
direct observation of the transition from a conduction dominated to a radiation
dominated thermal transport mechanism for the case of particulate silica materials
at temperatures reaching up to 925 °C. A detailed analysis of the radiative transport
through bulk silica as well as solid and hollow silica particles is provided. Optical
transparency at high temperatures is the driving force, whereas surface wave modes
barely contribute, particularly in case of the insulating particle packings. The
existing analytical framework of laser flash analysis is extended to qualitatively
describe the radiative and conductive heat transport by two independent diffusive
transport models. The analysis provides a better understanding of the challenges
to fabricate and analyze efficient thermal insulation materials at high operating

temperatures, where multiple heat transport mechanisms need to be controlled.

7.2 Introduction

Thermal insulation plays an enormous role in various applications in everyday life,
like buildings, automobiles, the oil and gas industry, and aerospace components.
Aerogels—typically made from carbon or silica—are compelling materials for thermal
insulation. Especially, silica is suitable for thermal applications owing to its low ther-
mal conductivity, high melting temperature, and chemical inertness. Furthermore,

silica is naturally abundant and can be recycled after usage.

Colloidal structures based on hollow silica spheres can be regarded as high-density
aerogels with a hierarchical pore structure. Aerogels have densities between 1 and
1000kg/ m?[, while the density of hollow silica particle assemblies is in the range of
180 to 883 kg/m3[2. Colloidal assemblies have the advantage of easier fabrication due
to the absence of a supercritical drying procedure. Furthermore, their well-defined

pore sizes simplify the determination of structure—property relationships.

Most of the thermal insulation applications of aerogel materials have been considered
at ambient temperatures. However, heat insulation at high operating temperatures
is of great relevance for power plants, manufacturers, and aerospace. The thermal
properties of insulating samples at high temperatures have been typically determined

by the hot wire or hot plate techniques. 81 One drawback of these techniques is
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that relatively large samples with diameters up to 20cm and several centimeter
thicknesses are needed for the measurements. In case of the transient hot disc method,
even two identical specimens are required. Therefore, high-temperature (HT) laser
flash analysis (LFA) would be an interesting alternative, because just one sample
with a diameter of 1 ¢cm and a few mm thickness is needed. The LFA method has
been well-established for room temperature (RT) measurements on a wide range of
samples, including composites, monoliths, polymers, to name a few. Ruckdeschel et
al. performed LFA on colloidal crystals from hollow silica nanoparticles and examined
the thermal transport mechanisms.2% While Ruckdeschel et al. examined the size
range of 250 — 500 nm, Mofid et al. examined the thermal properties of the sub
100 nm region.'” There are few cases where LFA was used for acrogel samples up to
1500 °C. They have been performed by Wiener et al.l'!l and Feng et al.l'? However,
the groups used carbon aerogels, which render them opaque across a wide spectral

range.

The overall thermal conductivity of porous materials, like aerogels and colloidal

structures, can be described by three contributions: solid and gaseous conduction

and radiation. Solid conduction takes place in the amorphous silica matrix material.

The microstructure of the materials dictates the thermal conductivity in the solid
conduction case. Amorphous structures, inclusions of defects, or micropores reduce

the thermal conductivity through the skeleton of the porous material.[?!

Gaseous conduction takes place in the pores in the aerogel or between and in the
(hollow) nanoparticles. It is strongly influenced by the Knudsen effect when the mean
free path of the gas equals or exceeds the pore size of the surrounding system.['*] For
nitrogen gas, the mean free path is between 88 nm at 25°C and 354 nm at 925 °C[15],
precisely in the region of colloidal crystals under investigation here. Therefore, the
Knudsen effect plays a significant role in gaseous conduction and is strongly reduced

due to the strong confinement in pores smaller than 100 nm.

Radiation describes the effect that a surface emits electromagnetic waves due to
its temperature. This energy is absorbed by another surface and reemitted, and so
forth.1% Every matter with temperatures above 0K emits thermal radiation. An
idealized object that absorbs all incident radiation and emits with an emissivity
of unity is called a black body radiator. The emissive power of other surfaces is
compared to this maximum performance and is a fraction of 1. For highly insulating
applications, the contribution of thermal radiation shall be suppressed as much
as possible. This is achieved for polymer foams and aerogels by the addition of

S[61,118L,[19] " oy doping with materials such as Y5052, The

opacifiers!!”), like carbon!
group of Prof. Fricke has developed a thorough understanding of heat transport in
aerogels. 461171 They found that for high-density aerogels the solid conduction is the

main transport path. Gaseous conduction and radiation become more critical with
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lower density. Heinemann et al. were able to show that there is a complex interaction
of radiation and conduction inside the sample, while conduction predominates at the
boundaries.[40] In the last ten years, the theoretical description of radiative heat
transfer in many-body systems, including the contribution of near-field effects, has
made great progress.2!l In particular, heat radiation in nanoparticle assemblies has
been studied in a large number of works within the dipole approximation.?2 Within
this approximation the radiative heat conductivity can be calculated in systems
composed of several thousand or ten thousand nanoparticles.2324 However, this
method is strictly speaking not applicable in dense colloids because higher multipole
moments need to be included in this casel2®) which makes the theoretical evaluation
of the heat conductivity in many-body systems difficult. Since our samples are
relatively large and dense we chose for the optical modelling an effective multilayer

approach similar to Sakatani et al.[20]

to calculate the radiative heat conductivity in
powdered materials, but with the extension that we include near-field effects, i.e.

the contribution of evanescent waves.

Our investigation uses the time resolution of high-temperature LFA measurements to
unravel the gradual transition from solid conduction to radiative heat transport. We
apply this unique advantage, which is not accessible by steady-state characterization
methods, to colloidal glasses made from SiO2 and TiOs solid and hollow particles.
We work out the existence of these two transport processes in such porous materials

and relate them to their optical properties.

7.3 Results and Discussion

We base our analysis on two types of porous silica materials, one comprising solid, the
other comprising hollow spheres, owing to their high thermal insulation capability.
We investigated for each type two samples of comparable size (dioy ~300nm and
800 nm) and complement this data set with one batch of large diot ~8 pm sized solid
silica beads. Owing to the filtration fabrication process, these particle assemblies can
be considered to be colloidal glasses (Figure 7.9). The key geometries and resulting
density data are summarized in Table 1. We measured LFA on these SiOy hollow

and solid particles in a temperature range from 25 — 925°C (Figure 7.1).
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Tab. 7.1: Density, 0, thermal diffusivity, o, and thermal conductivity, , at 25°C of the
colloidal glasses from particles with diameter, diq¢, and shell thickness, dg.

Sample diot [nm] dg [nm] 6§ [g/em?]  « [mm?/s] x [W/mK]
SiO4 hollow small 278 29 0.594 0.251 0.111
SiO2 hollow big 882 31 0.219 0.226 0.037
Si03 solid small 353 1.362 0.164 0.166
SiO2 solid big 889 1.347 0.113 0.113
SiOy solid huge 8000 1.150 0.181 0.155

We represent the raw data of the time-dependent temperature evolution on the top
surface of the samples in a normalized fashion. Precisely, we normalized the intensity
data by the maximum peak intensity since only the relative temperature change is
relevant for our evaluation. We also normalized the timescale to better work out
the two distinct transport mechanisms. Radiative and conductive heat transport
occur at different characteristic time scales. By normalizing the time at 25°C,
teosoc = L? /7%, with the sample thickness, L, and the thermal diffusivity at 25 °C,
«, according to Cape and Lehmann, we remove any influence from the individual

27 This way of time-normalization, consequently, renders the time-

sample thickness.
dependent measurements more comparable to one another. At room temperature,
we observe only the conductive heat transport contribution. This is represented
by the broad maximum, which slowly decays due to thermal losses to the sample
holder and environment. This shape of the time-dependent temperature evolution is
the classical case of an LFA experiment with solely conductive transport occurring
through the sample. It can be well fitted for all cases based on established models,
which include the one-dimensional heat diffusion equation in combination with
certain loss mechanisms. For a detailed discussion and evaluation of the data fitting
procedure in LFA experiments, we refer the reader to recent literature.28l The results
for thermal diffusivity and thermal conductivity at 25 °C are summarized in Table 7.1
and confirm the thermal insulation properties of such particle packings. In particular
the hollow sphere structures are strongly insulating. With increasing temperature, a
second, much faster contribution starts to become more and more prominent in case
of the sub-pm sized silica samples. Only the case of the 8 pym beads is still dominated
by the slow process. All other samples have two maxima — one sharp at ¢, 25°c < 0.2,
and one broad maximum at 1 < t/t;95°c < 4, which we interpret as radiative and
conductive transport as outlined below, respectively. The evolution of this fast heat
transport is most pronounced for the 882 nm hollow particles, where at 925 °C, no
conduction peak is visible anymore. The time-dependent temperature profiles that
we consistently observed in our sub-pm granular samples are highly unusual in the
case of LFA experiments and cannot be described by the established models. Quite

frankly, such data are typically “bad” measurements and are not considered any
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further. To prove the correctness of our measurements, we performed additional
tests to exclude any other sources that could lead to this unique time-dependent
temperature evolution at the sample surface (Figure 7.2). We, therefore, measured
reference materials with known thermal diffusivities and ruled out a potential
influence from our tailor-made sample holder (Figure 7.2c). This sample holder was
equipped with a graphite support, which was necessary to carry the samples, which
were smaller than the contact face of the original holder. Furthermore, a spacer
between the holder and the lid was required to reduce the mechanical load of the lid

onto the sample, which would have led to a breakage of the sample.

[ SiO, hollow particles J [ SiO, solid particles J
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~E
H

2

s

0 .02 0 .02 0 02 0 02 0

signal / normalized

temperature / °C

[225] 325 [425]

T T T
0246 810 2 46 81 0 2 4 6 810 0 2 4 6 810 0 2 4 6
tltc,?s“C t/tc‘25°C tltc,ZS"C t/tc,25"C tltc,zS“C

Fig. 7.1: Temperature-dependent LFA measurement signal of SiO2 hollow and solid particles.
The grey insets show details of the radiation peak. The time data is normalized
by the characteristic thermal response time t..

Figure 7.2a shows the normalized measurement data, at 25 °C, 525 °C, and 925 °C for
the original sample holder, with our graphite support, and with the graphite spacer
in combination with pyroceram as standard material. The measurement data show
an identical time-temperature evolution regardless of the sample holder configuration.
There is no evolution of a second peak discernible. Fitting of the thermal diffusivity
for this standard material provided slightly varying thermal diffusivity data, which
we attribute to changes of thermal losses into the holder. Overall a good agreement
between the measured and literature data was observed for this opaque standard
material (Figure 7.2d). As a second class of reference material, we measured the
properties of optically transparent bulk borosilicate and quartz glass (Figure 7.2b).
The corresponding thermal diffusivities and literature values are shown in Figure
7.2e. Literature values for quartz glass have been calculated according to Sergeev
et al.?% and match well with our measured data. Literature values for borosilicate
glass were taken from Johnson et al.l?% and are systematically higher compared to
our data. We note, however, that borosilicate glass may differ depending on the

supplier, which can explain the deviations to our data. The thermal diffusivity of
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borosilicate glass above 625 °C decreased, because the glass softened and changed

its shape.
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Fig. 7.2: Temperature-dependent LFA signal of pyroceram standard, measured with modi-
fied LFA sample holder (a). The corresponding pyroceram thermal diffusivity, in
comparison with literature values (d). Temperature-dependent LFA signal of bulk
borosilicate glass and quartz glass measured with the modified sample holder (b).
The corresponding thermal diffusivity, in comparison to literature values[22-23] (e).
Illustration of modified LFA sample holder, and sketch of heat transfer processes
with the corresponding measurement signal in a LFA measurement (c).

The major difference between the pyroceram and the glass measurements is the
appearance of an increasing step at t.950c < 0.1 for temperatures exceeding 425 °C.
In contrast to the data of the hollow and solid particle samples, this radiation step is
well-known and can be confidently fitted by the “transparent model” developed from
the manufacturer. As outlined in Figure 7.2c, this steplike increase in temperature
can be associated with radiative heat transport between the sample bottom and top
surface. Thermalization of the Xenon light flash, as well as mid-infrared emission
and absorption, respectively, happen much faster compared to the ms time resolution
of the XFA experiment. Therefore, the sample’s top surface temperature is offset by
a small amount, which is accounted for by the fitting procedure. When comparing
the insets of Figure 7.2b and Figure 7.1, one recognizes a marked difference between
the two early radiative events. A comparison of the radiation peak at t.250c < 0.15
is shown in Figure 7.11 in the supporting information. The granular samples

demonstrate a marked loss in surface temperature after the initial increase, whereas
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the bulk material reaches a plateau. Even more important is the apparently slower
temperature increase, in particular in the case of the hollow sphere samples. Since
all bulk and particulate samples have been prepared in a comparable way, this slow
temperature increase cannot be assigned to the heating dynamics of the graphitic
coating layers that may vary from sample to sample in a small and non-systematic
way. When looking at longer measurement times, the relative magnitude of the
first steplike process to the slower broad temperature increase is vastly different
between the bulk and the particulate samples. Whereas for bulk samples only a small
temperature increase can be assigned to the early radiative transport, it becomes
the dominant transport mechanism for solid and hollow spheres. However, owing
to the slow dynamics and high intensity the established models are not capable
of fitting these two processes anymore. The fitting model becomes increasingly
inaccurate for temperatures above 525 °C (Figure 7.12). Lunev et al. found a similar
effect on alumina samples above 1000 °C and established a numerical model for their
data. 3!

For the hollow particles, the initial increase in temperature is reminiscent of the
known temperature evolution of diffusive thermal transport. In a rough approxi-
mation we, therefore, treated our measurement as a superposition of two diffusive
transport processes based on the model of Cape and Lehman, which includes losses
to the environment. Note that this simplified treatment uses the same diffusive ther-
mal transport formalism for radiative and conductive transport. The temperature

evolution was modeled as:

T(L,t) =AY Cpnibnaelomt (78000 1 3™ 0 o6y gelomtle) (7.1)

A is a parameter for the ratio between the maximum intensities of the two processes,
At is an initial time shift as the first process is not exclusively of diffusive nature.27
Crmi = (—1)" (2&m4) / ({mf +2H,; + HZ-Q), where H; represents the axial Biot
number and &, ; is determined by (§m7¢2 — Hiz) tan (§m,i) = 2&m,iH;. Furthermore
Wi = —£m7¢2/7r2 and the characteristic time t.; = L?/m%a. An example of this
data evaluation is shown in Figure 7.3a for the small hollow spheres at 725°C (the
evaluation of the big hollow particles can be found in the supporting information,
Figure 7.13), where both transport processes display a similar order of magnitude.
There is a convincing agreement between the measured data and the applied model,
which can separate the individual transport processes. This simplified model is robust
for a wide temperature range, where both processes occur (Figure 7.3b) and it could
also be applied to the large hollow sphere sample (Figure 7.13). Limitations of this
model are conditions where one of the two processes strongly dominates, in the cases
shown here at room temperature and > 900 °C. The intensity mismatch between the

two processes is then too large and the fitting sensitivity insufficient for the weaker
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transport process. Another limitation is the timescale of the first diffusive process.
The relatively slow nature in case of the hollow sphere samples could be well-described.
This was not possible for the solid particles anymore, where the radiative increase
appears to be slightly faster. Nevertheless, we can extract from our simplified
description semiquantitative information (Figure 7.14). The thermal diffusivity
assigned to both processes should certainly only be taken as a rough estimate. The
precondition of one-dimensional heat transport is not valid anymore in this system,
where two temperature gradients on different timescales are present within the
sample. The thermal diffusivity of both processes differs by two orders of magnitude
and shows a negligible temperature dependence in case of the slow, conduction-
based process, whereas the fast process becomes significantly faster with increasing
temperature. This is commensurate with previous reports on radiative thermal
transport at high temperatures, where a strongly increasing thermal conductivity
has been reported.2 Our model, furthermore, allows quantifying the temperature-
dependent ratio, A, between the two processes, as shown in Figure 3¢ for the 278 nm
hollow particle sample. This ratio follows a non-linear temperature dependency. It

scales with 7%, owing to its radiative nature obeying Stefan-Boltzmann’s law.[16]
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Fig. 7.3: Double-diffusive model applied on 278 nm hollow particle measurements. Example
of measurement at 725°C (a). Application at all temperatures (b). Resulting
ratio, A, of first and second diffusive process (c).

Having outlined the direct observation of such two transport processes, we now
want to turn the focus on the influence of the optical properties onto the radiative
transport. The transmission spectra are shown in Figure 7.4. We find that all samples

are transparent in the IR detector region between 3-5um (yellow hatched area),
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except for the 8 pm solid silica particles. This correlates to the LFA results that did
not show a distinct radiation peak for the 8 pm species. Optical transparency in this
wavelength range is a precondition for radiative transport. Sub-micron sized TiOq
hollow spheres, for instance, have a comparable mesostructure to the SiOy hollow
spheres, yet, they are fully opaque from the UV /Vis to the MIR range (Figure 7.15).
Consequently, no radiative transport process could be observed (Figure 7.16). A
slight reduction of the mid-infrared transmission can be achieved by inert calcination
conditions of the hollow spheres, which retain a small fraction of carbon in the
particles. Whereas the optical appearance changed strongly (Figure 7.17 and 7.18),
the opacity in the 3-5 pm range is not sufficient to suppress the radiative process
(Figure 7.19).
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Fig. 7.4: IR transmission data of bulk, solid particle, and hollow particle samples in com-
parison to black body irradiance. The LFA detection region between 3 and 5pm
is highlighted.

To gain a deeper understanding of the radiative transport mechanism through such
bulk and particulate materials, we used simulations based on the S-matrix method.
These multibody calculations have been performed on a simplified two-dimensional
multilayer models representing the most relevant structural parameters of our
samples (Figure 7.5, left column). The model consists of top and bottom reservoirs
representing the graphite coatings and in between one bulk SiOs layer or several
SiO9 layers with a thickness of 353 nm and 20 nm gaps, representing the small solid

particle structures. Here, the assumption was made that the interparticle distance
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is 6 % of the particle diameter, which was calculated with a 3D radial distribution
function of an MD simulated particle structure (Figure 7.20). The big hollow particle
structure is represented by 30 nm SiOs layers with 800 nm gaps, representing the
hollow particle part, and 50 nm gaps, representing the interparticle distance. The
calculated transmission spectra of the multilayer structure are in good agreement
with the experimental data (Figure 7.5 middle column), and, therefore, can be
considered a reasonable approximation to the particle structure. These models allow
calculating the transmission coefficients 7}12 (j = s,p), which mainly determine the
modes contributing to the radiative heat flow between the two graphite layers. They
contain the contributions of waves that are propagating(k < ko) and waves that are
evanescent (k > ko) in vacuum, where & is the wave vector component parallel to the
interface and kg is the wavenumber in vacuum.?? Figure 7.5 (right column) shows
the transmission 7;12, in the A — k plane. In case of bulk SiO, radiative transport
only occurs for wavelengths < 5 pm with a considerable contribution of evanescent

waves. Due to the fact that in the transparency window, the lateral wave vector k

of the waves which can propagate within SiOs is limited by \/Re (esio, )ko ~ 1.4ko.

In case of the solid sphere analogous structure, we find a layer dependence of the
transmission coefficient. When increasing the number of layers to from N = 9 to N
= 3121 (Figure 7.21), only waves in the transparency window with A < 5pum can
reach the second graphite layer. All other wavelengths are attenuated by the optical
density of the SiO2 particles. The solid spheres still show contributions of evanescent
waves coupling to the graphitic reservoirs. It is interesting to note that there is no
significant surface wave contribution in the reststrahlen band A = 8-9.3pm. We
elaborated on the role of surface modes within the reststrahlen band more explicitly
using a numerically exact boundary element method provided by SCUFF-EM for
800 nm spheres (Figure 7.23). This method takes far- and near-field contributions
to the transmission function into account. For two adjacent SiO9 particles, the heat
flux is indeed dominated by a surface mode at A = 9pm. This mode, however,
quickly attenuates when including more particles. Furthermore, when considering the
transmission between two graphitic objects, the major contribution originates from
modes with A < 8 pm. This is due to the fact that damping of the coupled surface
modes is too strong to ensure an efficient coupling over long distances. Considering
the radiative transport case through hollow silica spheres, one recognizes the absence
of evanescent contributions in 7;12. We attribute this to the increased distance
between the silica surfaces. The major distance is governed by the hollow space
(800 nm) inside of the silica capsules. The absence of evanescent waves is counteracted
by a reduced optical density between 5pum < A < 7.5 pm, where some transmission

is also possible.

We used the transmission coefficients to calculate the heat transfer coefficients (htc),
describing the radiative heat flow h'? from the graphite bottom at temperature

T, and the heat flow h23 from the middle layer 2 at temperature 715 towards the
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Fig. 7.5: Sketches of the layer model (1. column) used for calculation of transmission spectra
(2. column) and transmission coefficients (3. column) of bulk, solid particle, and
hollow particle structures.

graphite top 3 at temperature T3, where h'? is for small time scales the dominant
contribution (see supporting information for details). The integrated htc of the
multilayer models is shown in Figure 7.6 (left). The heat flow through the bulk silica
film is larger than for the multilayer structure due to the larger contribution of the
evanescent waves in the bulk film. Both particle structures feature comparable htc,
which we rationalize by a compensation of the contributions of evanescent waves in
case of the solid spheres and higher wavelength modes in case of the hollow spheres.
Combining our double diffusive transport evaluation with the radiative transport
analysis, we can draw several conclusions. Surface wave modes do not play a major
role in the high-temperature transport through particulate SiOo materials — the
reststrahlen band is too far red-shifted. The optical density of the particle packing
determines which wavelengths can be transported through such structures, with
a first window opening below 7.5 pm and the major contribution originating from
< 5pm. Evanescent waves are suppressed by the large porosity in the case of hollow

silica beads.

We finally extended the multilayer model to also include thermal conduction through
the individual layers (Figure 7.6, right, see supporting information for details). This

calculation is based on a set of coupled differential equations, which include the
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Fig. 7.6: Integrated heat transfer coefficient h'? for hollow and solid SiO5 particles, and bulk
quartz glass, in comparison with black body radiation. The data was calculated
using the multilayer model described in Figure 7.5 (left). Heating dynamics
without lateral losses of the multilayer model from Figure 7.24 at a temperature
of 925°C (right).

conductive and radiative heat flow between discrete layers. Two main conclusions
can be drawn from this analysis. Firstly, the main features of the time-dependent
temperature evolution observed in the LFA experiment are well captured by this
analytic description. This corroborates our interpretation of the direct observation
of a radiative and conductive heat transport process. Secondly, the systematic
variation of the thermal conductivity of the solid skeleton stresses the importance
of the relative heat transport capacity of these two channels. In case of a low
conducting matrix, radiative transport becomes the dominant process. In case of a

highly conducting matrix, radiative transport plays a subordinate role.

7.4 Summary and Conclusion

We demonstrated a direct observation of two distinct heat transport processes in
mesostructured silica materials. We fabricated colloidal glasses comprising solid and
hollow silica particles of 800 nm and 400 nm, respectively. The temperature evolution
of the sample’s top surface in an LFA experiment is dominated by a fast and a slow
process. At room temperature, heat conduction along the silica network dominates,
rendering such silica particle packings efficient thermal insulators comparable to
polymer foams. With increasing temperatures, however, thermal radiation becomes
more important and finally dominant, owing to the 7% increase in radiation power
and the blue-shift of the radiated wavelengths. Optical transparency in the mid-
infrared range and good thermal emitters at the boundaries are preconditions to
open this radiative heat transport pathway. Consequently, the silica materials
become at high temperatures much better thermal conductors as compared to their
room-temperature behavior. Surface wave modes within the reststrahlen band do not

contribute to this radiative transport process. Evanescent waves, on the contrary, do
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contribute to the overall heat transport and are most prominent for bulk materials
and ensembles of solid silica particles. The large intra-particle gaps caused by the
hollow core in the case of silica capsules attenuates the contribution from evanescent
waves. The radiative heat transport in hollow particle structures is slow enough
to be described by a diffusive transport fit. Our results give a direct and detailed
insight into the various transport mechanisms that govern high-temperature heat
transport. Controlling the optical properties in the mid-infrared range either by
means of the composition, the structure, or by adding additives is of paramount
importance to maintain a strong thermal insulation behavior. The time-dependence
of LFA measurements is a unique benefit to directly observe radiative and conductive

thermal processes.

7.5 Experimental Section / Methods

7.5.1 Materials

Borosilicate glass (microscope slide, Menzel glass, Thermo Scientific) and quartz
glass were cleaned with Hellmanex III (Hellma GmbH) and cut in pieces of 1 x 1cm
before the measurements. Sapphire discs (d = 1 cm, Edmund optics) were used as
received. SiOj solid particles in three different sizes (353 nm, 889 nm,8 pm) were
purchased from microParticles GmbH and used as received. The synthesis of the

SiO9 and TiO9 hollow particles is described in detail in the supporting information.

The particles were assembled using the vacuum filtration method described by
Ruckdeschel et al.34 A vacuum filtration system from Merck Millipore was used
in combination with MF Millipore membrane filters with pore sizes of 0.2 pm and
0.45 pm. A Teflon funnel with a diameter of 1 ¢cm has been used for the SiO4 particles.
A funnel with a diameter of 1.2cm has been used for the TiO9 particles because
shrinkage of the samples during calcination has been considered. All samples have
been dried at 40 °C in a vacuum overnight before calcination. The samples have been
calcinated at 500 °C or 925 °C to remove organic components and avoid structural

changes during the measurements.

7.5.2 Methods

UV-Vis measurements were conducted on a Cary 5000 (Agilent Technologies) in
transmission mode with the Ulbricht sphere in the range of 250 and 2500 nm. A holder

for the round-shaped samples was 3D printed for UV-Vis and IR measurements.
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Infrared (IR) measurements were conducted on a VERTEX 70 spectrometer (Bruker)
in the range of 1.5 and 18 pm. Transmission measurements have been made using a

gold-coated integrating sphere with an MCT detector.

Laser scanning microscopy was performed using a LEXT OLS5000-SAF microscope
(Olympus) to determine the sample thicknesses and volumes. Laser Flash Analysis
was conducted on a LFA 467 HT HyperFlash apparatus (Netzsch) in the range of 25
and 925 °C under a slight nitrogen stream (50 ml/min). The samples were coated
with a thin layer of graphite on the top and bottom side and placed in the sample
holder, equipped with self-made graphite support and spacer (Figure 7.2c).
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7.7 Supporting Information

7.7.1 Synthesis and Characterization of SiO, and TiO»
Hollow Particles

Materials

Ammonium hydroxide solution (NH4OH, Sigma-Aldrich GmbH, 30-33 %), 2,2’-azobis-
(isobutyramidine) dihydrochloride (AIBA, Sigma-Aldrich GmbH, 97 %), ethanol
abs. (Sigma-Aldrich GmbH, >99.8 %), 2-methacryloxyethyltrimethylammonium
chloride (MTC, Sigma-Aldrich GmbH, 75 % soln. in water), polyvinylpyrrolidone
(PVP, Sigma-Aldrich GmbH), styrene (Sigma-Aldrich GmbH, >99 %), tetraethyl
orthosilicate (TEOS, Sigma-Aldrich GmbH, 98 %) titanium butoxide (TBT, Sigma
Aldrich GmbH, 97 %) were used as received. Millipore water was taken from a
Millipore Direct Q3UV unit (Merck Millipore). 2,2’-Azobis(2-methylpropionitril)
(AIBN, Sigma-Aldrich GmbH) was recrystallized from ethanol before use.

Microscopy

Scanning electron microscopy (SEM) was performed using a Zeiss Ultraplus instru-
ment using acceleration voltages of 3kV. InLens and Everhard-Thornley detectors
were used. A MATLAB circle detection function was used to evaluate the diameter
of the particles. Transmission electron microscopy (TEM) measurements were per-
formed with a JEOL JEM-2200FS field emission energy filtering transmission electron
microscope (FE-EFTEM) operated at an acceleration voltage of 200kV. Zero-loss
filtered micrographs (AE ~ 0eV) were recorded with a bottom mounted CMOS
camera system (OneView, Gatan) and processed with DM 3.3 image processing

software (Gatan).

Polystyrene template particles

217 nm particles (Figure 7.7) were synthesized via emulsifier free emulsion polymer-
ization.l!] For the synthesis, 1.8 g PVP (360kg/mol), 235 ml Millipore water, 26 ml
styrene, and 25 ul MTC were added to a 500 ml three-neck flask equipped with a gas
inlet and reflux condenser. The emulsion was stirred at a stirring speed of 850 rpm
using a large egg-shaped magnetic stirrer bar and heated to 70 °C under a slight

argon flow. After 60 min 0.6 g AIBA, dissolved in 5ml Millipore water, was added
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to initiate the polymerization. After the nucleation the stirring speed was reduced
to 450 rpm and the reaction was allowed to continue over night. The polymerization
was stopped by exposing the dispersion to ambient air and filtrated using a 125 pm

nylon filter sieve. No further purification was required.

The 845 nm particles (Figure 7.7) were synthesized via dispersion polymerization. 23l
12g PVP (40kg/mol), 194 ml of ethanol, 40 ml Millipore water, 12 ml styrene and
1.2 g AIBN were added to a 11 three-necked flask equipped with a reflux condenser
and a gas inlet. The solution was degassed while stirring with an egg-shaped stirring
bar with a speed of 150 rpm. After 30 min, the mixture was heated to the reaction
temperature of 70°C. After 90 min 194 ml ethanol, 12 ml styrene, and 450 ul MTC
were premixed in an Erlenmeyer flask and added to the reaction. The reaction was
carried out overnight under a slight argon flow. The polymerization was stopped
by exposing the dispersion to ambient air and filtrated using a 125 pum nylon filter

sieve. No further purification was required.
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Fig. 7.7: Histograms and SEM images of polystyrene particles that were used as template
for the SiO5 and TiO4 hollow particles.

SiO, and TiO> Hollow Particles

A modified Stober process was used for the synthesis of the silica shell to get
PS@Si0, core-shell particles.[4:%] For the synthesis, 40 ml (60ml) dispersion of the
217nm (845 nm) particles were diluted with 280 ml (450 ml) ethanol and 1/10 of
13.44ml (1.8 ml) TEOS and stirred at 400 rpm at room temperature. After 20 min
equilibration time, 20.8 ml (31 ml) NH4OH solution was added. The remaining TEOS

was added in nine more steps in time intervals bigger than 15 min and the reaction
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was stirred at room temperature over night. The particles were centrifuged and

washed twice with ethanol and three times with Millipore water for purification.

PSQ@QTiOy core-shell particles were prepared using a method described by Cheng et
al. and Lechner et a2/l 40ml dispersion of 845 nm particles and 234 ml ethanol
were added to an Erlenmeyer flask equipped with a septum. The dispersion was
stirred at 350 rpm with a magnetic stirrer bar. After 10 min of degassing, a solution
of 4.8 ml TBT in 20 ml ethanol was added within 30 min using a syringe pump. After
another 30 min the stirrer was stopped and the dispersion was allowed to age for 24 h.

The core-shell particles were washed three times with ethanol for purification.

In order remove the PS core of the core-shell particles, the assembled samples were
calcinated either in air or inert argon gas atmosphere using a modified temperature
profile of Schroden et al.?b6] A heating rate of 2K/min was used for all heating
steps. The samples were heated to 300 °C, followed by an isothermal step of 2h.
They were then heated to 400 °C, followed by an isothermal step of 5h. After that
the samples were heated to 500 °C or 925 °C, followed by an isothermal step of 5 h.
Finally, the samples were cooled down to room temperature. The resulting hollow

particles can be seen in Figure 7.8.

( Si0, small | Si0, big | Tio, )
d, =278 + 4 nm d, = 882 + 8 nm d,, =734 % 14 nm
dyy =292 nm dyoy=31£2nnm d,., =373 nm

shell

shell shell

Fig. 7.8: TEM images of SiO5 and TiO5 hollow particles after calcination at 500 °C.

Figure 7.9 shows sideview SEM images of the calcinated colloidal glasslike structures.
All structures stayed stable at calcination temperatures up to 925°C. The broken

shells of the TiOy particles came from cutting the sample in half with a knife.
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Fig. 7.9: Sideview SEM images of all colloidal glasslike structures after calcination at 500 °C
or 925°C.

7.7.2 X-ray powder diffraction of TiO, samples

X-ray powder diffraction was performed to investigate the titania phase of the hollow
particles before and after LFA measurements at 925°C. X-ray powder diffraction
patterns for the TiO4 samples were recorded on an Empyrean diffractometer in Bragg-
Brentano-geometry (PANalytical B.V.; the Netherlands) using Cu-K, radiation
(A =1.54187 A) The samples were first calcinated in air atmosphere at 500 °C and
then calcinated in inert gas atmosphere up to 925°C. The results are shown in

Figure 7.10. Both samples consist of 100 % anatase.

XRD TiO, ] | To,ar@500°C |
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Fig. 7.10: XRD spectra of TiO5 hollow particles calcinated under different conditions, as
well as peak evaluation for the 500 °C particles calcinated in air.
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7.7.3 Transparent fit of radiation data

Figure 7.12 shows measurement data with the transparent fit of the Protheus software
(Netzsch) for hollow and solid particle and bulk quartz samples. It can be seen
that the fit model was working perfectly for the bulk sample. However, it failed to
fit the particle samples. The fit started getting inaccurate at 625 °C for the solid
particle samples and 525 °C for the hollow particle samples. At 825°C (solid) and
725°C (hollow), the fit model could not fit the data anymore. This fit problem
originated from the different peak shapes of the radiation peak, as shown in Figure
7.11. The bulk signal had a sharp initial temperature increase, followed by a decrease.

The hollow particle signal had a diffusive-like shape. The solid particle signal is in

between with a sharp initial increase, followed by a diffusive-like increase.
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Fig. 7.11: Peak shape of radiation peak of hollow and solid particles, and bulk quartz glass

from 425 to 925°C.
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Fig. 7.12: Transparent fit on LFA data of hollow and solid particles, and bulk quartz. The
colored lines show the measurement signal at 425-925 °C, the dashed lines show
the corresponding fit.

7.7.4 Double-diffusive model of LFA data of hollow particle
samples

From the double-diffusive model, it was possible to determine the thermal diffusivity
of the radiation and conduction process of the hollow particle samples. The results
are shown in Figure 7.3 and Figure 7.13. The radiation diffusivity was increasing
with increasing temperature. An increasing radiative thermal conductivity is known
from the geophysical science and measurements and calculations on olivine samples,
where the conductivity is calculated from high-temperature absorption data.[”) The
conductive thermal diffusivity is almost constant in both samples. It has to be noted
that the values do not represent the actual values because of two reasons. First, at
higher temperatures, the conduction peak has almost vanished and the fit may be
inaccurate. Second, the double-diffusive model is simplified and does not take into
account reflection of heat at the sample-graphite-boundary. Therefore, an accurate

evaluation of the conductive thermal diffusivity was not achieved with this fit.
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Fig. 7.14: Thermal diffusivity of radiation and conduction of hollow particle samples,
calculated by the double diffusive model.
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7.7.5 TiOs hollow particle sample

Similar to the 8 pm solid SiOs particles, the TiO5 hollow particles have almost no
transmission in the IR region (Figure 7.15). Because of the missing bandgap between
3 and 5 pm, radiation does not contribute to the thermal transport in the sample.
Therefore, no radiation peak is visible in the measurements (Figure 7.16). The
sample consisting of particles with a diameter of 734nm and a shell thickness of
37nm, has a density of 0.385g/c3m, a thermal diffusivity of 0.613 mm?/s, and a
thermal conductivity of 0.163 W/mK at 25°C.
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Fig. 7.15: Transmission and absorbance spectra of TiO5 hollow particles in the IR region.
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Fig. 7.16: Temperature-dependent LFA measurement signals of TiO4 hollow particle samples
that were calcinated at 500 °C in air or inert atmosphere before the measurement.
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7.7.6 Inert calcined SiO, hollow particle samples

Figure 7.17 shows a picture of whole samples of SiO hollow particles after calcination
in air and inert atmosphere. The color of the inert calcinated samples comes from
carbon residues in the hollow particles, as described by Wang et al.®l The samples
have totally different optical properties in the visible region, however in the IR region
the transmission is barely reduced (Figure 7.18).Therefore, the thermal behavior,
especially the intensity of the radiation peak, does not change, which can be seen in
Figure 7.19.

Fig. 7.17: Picture of colloidal glasslike assemblies of SiO5 hollow particles after calcination
at 925°C in air and inert atmosphere.

( UV-Vis ) ( IR )
. \0100- \0100 —Si0,278 nm
2|2 801 < 80 ——Si0, 278 nm inert
£ 5 s ——Si0, 882 nm
| S 604 % 60 SiO, 882 nm inert
Ql » 8
= | E 40 £ 40
S| 2 2
E £ 201 £20

0 T T T T 1 0 T IA T
500 1000 1500 2000 2500 5000 10000 15000
wavelength / nm wavelength / nm

Fig. 7.18: Optical properties of air and inert calcinated colloidal assemblies of hollow SiOq
particles in the UV-Vis and IR region.
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Fig. 7.19: Temperature dependent LFA measurement signals of SiO5 hollow particle samples
that were calcinated in argon atmosphere at 925 °C before the measurement. The
time is normalized by the characteristic thermal response time t..

7.7.7 Mean particle distance for multilayer model

To get the mean interparticle distance in colloidal glasses, a MD simulation of particles
with a diameter of 1 m with a compression rate of 1le~2 has been performed. The
resulting packing density was 61.1 %, which is comparable to the experimental
data. The 3D radial distribution function of the simulated structure was calculated,
according to Kopera et al.®) An interparticle distance of 63nm was determined.
Thus, we assumed to have a mean distance of 6 % of the total particle diameter for

all samples.
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Fig. 7.20: 3D radial distribution function of a colloidal glass with a packing density of
61.1 % and particles with a diameter of 1pum.
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7.7.8 Transmission coefficient: influence of number of
particle layers

In Figure 7.21 we show the Transmission coefficient 7;12 for the p-polarized waves
(which include possible surface wave contributions) in the A — x plane choosing
0 = 20nm and the multilayer structure, which models the structure of solid 353 nm
silica particles. It can be seen how the number of the Fabry-Pérot modes is increasing

when increasing the number of layers from N = 9 (d = 2.5pm) to N = 3121 (d =

827 m) forming Bloch band structures!'”] due to the periodicity of the structure.

The same behavior can be expected for highly ordered nanoparticle structures. It
can be further seen that when increasing the number of layers from N = 9 to N =
3121, only waves in the transparency window of glass for A < 5pm can reach the
second graphite layer, and all the other waves are damped out due to the losses
in the glassy part of the structure. The waves reaching the second graphite layer
also include evanescent contributions because the wavevector in glass can be larger
than in vacuum. In the transparency window, the lateral wave vector & is limited by
\/m ko ~ 1.4k due to the material and those waves which can tunnel between
the layers of the multilayer structure will finally heat up the graphite layer. It is
interesting to note that there is no significant surface wave contribution for ~'? in
the restrahlen band A € [8um : 9.3 pm|. This is due to the fact that damping of

the coupled surface modes is too strong to ensure an efficient coupling over long

distances.
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Fig. 7.21: Transmission coefficients of a model representing solid SiOs particle glasses with
an increasing number of layers, N, from 9 to 3121.

7.7.9 Heat transfer coefficient

The radiative heat flux in the multilayer systems was calculated by using the theory of
fluctuational electrodynamics. The heat transfer coefficient describing the radiative

heat flow h'?from the graphite layer 1 at temperature 7} and the heat flow h?3 from
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the intermediate film 2 at temperature T5 towards the second graphite layer 3 at

temperature T3 are given by the expressions!!t)-[13]

0 duw d’k 00 (T) 12
12/23 _ aw 12/23
h /0 o 2 / (2m)? oT T (w, k). (7.2)

Here © (T') = hw/ (exp (hw/kpT) — 1) is the mean energy of a harmonic oscillator
at temperature T'; kg is the Boltzmann and A the reduced Planck constant. The

12/23 (j = s,p) are the functions of the frequency w and

transmission coefficients 7;
the lateral wavevector x for s- and p-polarized waves and can have values between
0 and 1. They contain the contributions of propagating waves (k < ko) but also
evanescent waves (k > ko) in vacuum introducing the vacuum wavevector ko = w/c
and the light velocity ¢. The complex expressions can be found in Messina et al.14]
However, they mainly depend on the distances d and the layer thickness d as well
as on the optical properties of the three layers. For example they depend on the
corresponding amplitude transmission and reflection coefficients so that they can
be evaluated as soon as the optical properties of the three layers are known. For
the intermediate multilayer structure, we used the standard S-matrix method to
calculate the needed reflection and transmission coefficients. The optical data for the

permittivity of silica and graphite are taken from literature values in Ref.[11-[13]

Fig. 7.22: Sketch of the three-layer structure. Layer 1 and 3 are graphite sheets, and the
intermediate layer 2 is the nanoparticle glass of thickness d.

The radiative heat flux ® (W/m?) to the graphite layer 3 is within this model simply

given as

O =n2(Ty —To) + W3 (T - T3). (7.3)

That means that in the first instance where the graphite layer 1 is heated by the laser
flash, we have T} > Ty = T3 so that h'? describes the radiative coupling between the
first and second graphite layers. Therefore the modes contributing to the radiative

heat flow between the two graphite layers are mainly determined by 7}12 (j =s,p).
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7.7.10 Influence of coupling surface modes on transmission
of heat radiation

To clarify the role of the surface mode contribution to the radiative heat flux, we
have made exact numerical calculations using the open-source program SCUFF-
EM developed by Homer Reid at MIT.['] It uses a boundary element method to
determine the transmission functions Fj; (w) between two objects i and j so that
the exchanged power P between these objects due to thermal radiation (far- and

near-field) can then be determined by

Py= [ do(®T) -0 @) Fy @), (7.4)

In Figure 7.23 we show the transmission functions for the heat flux between two,
three, and four nanoparticles of diameter 800 nm and an interparticle distance of
50nm. As can be expected, the heat flux between adjacent silica nanoparticles is
dominated by the surface mode resonance at A =~ 9nm, and it becomes weaker
and weaker when considering the coupling between nanoparticles with one or two
nanoparticles in between them. When replacing the outer nanoparticles in the chain
of 3 and 4 nanoparticles with a graphite particle, it can be nicely seen that the
transmission of heat radiation will be mainly in the transparency region below 8 pm,
i.e., below the reststrahlen band. The surface mode resonance contribution becomes
already relatively weak for a chain of 4 nanoparticles, and it can be expected that it

is negligible for chains of 3000 to 4000 nanoparticles.
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Fig. 7.23: SCUFF-EM calculation of transmission functions for heat flux between first and
last particle in a row of two to four particles.
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7.7.11 Influence of material thermal conductivity on
radiation

We have used a set of 14 coupled differential equations to describe the temperature
evolution of the system. The first and last graphite layers are in this model split into
a dgyr = 200nm thin surface layer (the skin depth of graphite for A = 1 pm—10 pm is
100 nm — 200 nm) with temperatures T} and 114 standing for the surface temperatures
of the laser flash heated first layer and the measured surface temperature of the last
layer, and a layer of thickness do with temperatures 75 and T13. The glass film is
divided into 10 layers of thickness dsjo, with temperatures 13, Ty, ...,T12. In this
model, we assume that the adjacent layers are coupled via thermal conduction and
that the graphite layers are coupled to the 3 glass layers by h?® and between each

other by h'2. Then using Newton’s law of cooling, we have the set of equations

dT
C’/),C,surfditl :hcond,C (TQ - Tl) + hrad (Tm - Tl) + hcond, lat (Tm - T1)7 (75)
dT:
p,CCTt2 =h"*(Ty3 — Tinean) + h**(T5 — T2)
+ hcond, C-SiOs (TS - T2) + hcond,C (Tl - TQ) + hcond, lat (Tm - TQ)a
(7.6)
dT:
Cp.510, ditg =heond, C-5i05 (T2 — T3) + heond, 5105 (T4 — T3) + h** (T — T)
+ hcond, lat (Tm - T3)7 (77)
dT.
Cp,SiOg 7; :hcond, SiOo (T3 - T4) + hcond, SiO2 (T5 - T4) + hcond, lat (Tm - T4)7
(7.8)
dT
”’CWB =h'*(Ty — Tiean) + h**(T12 — T13) + heond, c-s105 (T12 — T13)
+ hcond,C(T14 - T13) + hcond, lat (Tm - T13)a (79)
dT
Cp,C,surfWM :hrad (Tm - T14) + hcond, C(T13 - T14) + hcond, lat (Tm - T14)- (710)

In these equations T, is the ambient temperature, Tean is the mean temperature

in the glass medium, and

Cy.c, surf = Copadsurt, Cpc = Copcde,  Cpsio, = Csio,psio.dsio,  (7.11)

are the products of the heat capacities of graphite and silica, the corresponding mass
densities (Table 7.2), and the layer thicknesses where dgio, = d/10, dsy,f = 200nm,
and dc can vary from 10pm — 30 pm. The heat transfer coefficients h'? and h?
are defined above h;,q is the htc of the graphite layer into vacuum, and takes the

radiative cooling of the surface layers into account. The heat transfer coefficients
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caused by thermal conduction in graphite, in silica, or between graphite and silica
are defined as
KC KSiO, 1

hc = ———, hsio, = , hosiop = ————. 7.12
dsurf+dC e dSiOz e hSil02 % ( )

The values of the thermal conductivities k¢ and kgio, are taken from literature
(Table 7.2). Since the Kapitza resistance between graphite and silica is extremely
small, we have neglected it. hcond, 1at i @ parameter which can be used to model

lateral conductive losses in the sample.

This model neglects the thermal radiation channels within the graphite and silica
media. That means it is assumed that within the materials conduction is more
important than radiation. The numerical results also suggest that h?3 has negligible
impact for the used parameters underlining the assumption that the radiative
coupling between adjacent layers by the surface mode interaction is small compared
to the conductive one. Note that in this model, there are only three more or less
unknown parameters: the conductivity of the glass medium xgjo, which is actually
measured by the LFA (i.e. by fitting the model to the data), the thickness of the
graphite layers which are estimated to be 20 pm — 30 pm (dependent on the number

of coated layers), and the lateral conductivity hcond, lat-

Tab. 7.2: Specific heat capacity, cp, and thermal conductivity, x, of quartz glass and
graphite. ¢p of quartz glass was taken from Smyth et al.l'®! k was calculated
using the thermal diffusivity from our measurements on bulk quartz (Figure 7.2)
and a density of 2.201g/cm®. The cp of graphite was calculated according to

Butland et al.l'”) k was calculated according to McEligot et al.['8]

quartz graphite
T [°C] cp [J/gK] & [W/mK] cp [J/gK] & [W/mK]
25 0.744 1.439 0.713 131.338
125 0.879 1.593 0.980 121.156
225 0.981 1.700 1.193 111.718
325 1.057 1.793 1.360 103.023
425 1.110 1.870 1.491 95.072
525 1.153 1.952 1.596 87.865
625 1.189 2.041 1.681 81.402
725 1.217 2.137 1.751 75.683
825 1.242 2.238 1.809 70.707
925 1.263 2.345 1.857 66.476

In Figure 7.24 we show the simulation of the LFA experiment by plotting the temporal
temperature evolution ATy = T14 — T}, of the second graphite surface temperature
for T, = 925 °C with initial conditions 77 = T;,,+10Kand T = T3 = ... = T4 =T,
at time ¢ = 0ms and dc = 20 pm. The values for h'? and h?3 are calculated for the

multilayer structure replacing the solid 353 nm nanoparticles with N = 3121 layers
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(so that d = 827um) and 6 = 20nm. To show the impact of the conductivity of
the intermediate glass layer, we have varied ksjo,. It can be seen that the relative
strengths of the peaks, which are due to heating by thermal radiation or conduction,
highly depend on the thermal conductivity of the glass layer.
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Fig. 7.24: Multilayer model for heating dynamics calculations of a solid SiOy colloidal
structure with a particle diameter of 353 nm (left). Heating dynamics with
lateral losses of the multilayer model at a temperature of 925 °C (right).
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8.1 Abstract

Making thermal insulation materials more efficient is still a big challenge. A popular
material for thermal insulation applications is silica because of its inherent low
thermal conductivity, high melting temperature, and chemical inertness. In contrast
to aerogels, colloidal silica particles and hollow particles offer a good base material
for model systems because of its controllable shape and pore sizes. This contribution
focuses on the parameters material density, packing density, disorder, and particle size
of particle based insulation materials. Therefore, binary mixtures of monodisperse
particles with diameters in the range of 500 and 900 nm have been prepared. We
compare the influence of the material density based on two distinct particle motifs:
solid and hollow particle structures. The packing density of the ensemble was
reduced by a fast filtration method. We find that the influence of the particle size
exceeds the influence of the binary mixing ratio in terms of thermal conductivity
reduction. Since the particle size is directly related to the material density in the
case of the hollow particles, a reduction of the thermal conductivity up to 60 % was
achieved through a switch from small to big particles. This study contributes to
research on thermal insulation materials by demonstrating the complex interplay of

the disorder, packing density, and effective density.

8.2 Introduction

The efficient insulation of buildings is still a big challenge. To reduce the overall
wall thickness, conventional insulation materials, such as mineral wool and expanded
polystyrene, need to be improved in terms of thermal insulation efficiency, lifetime,
recycleability, and breathability. Since 1931, aerogels have been researched and
optimized for thermal insulation applications.[!] A typical backbone material is silica,
which is particularly suitable for this task due to its low bulk thermal conductivity,
high melting temperature, and chemical inertness. A further advantage of silica
is the natural abundance and the possibility to recycle it after usage. Aerogels
typically require a supercritical drying step, which leads to high production costs.
An alternative route requires surface modification of the lyogel, followed by ambient
pressure drying. This alternative is promising because it is less expensive. However, a
further synthesis step is necessary.l2l Another weakness of aerogels is the fragility that
may lead to puncturing and, consequently, a reduced lifetime.l3l Another drawback is
the difficult structural characterization of aerogel materials, limiting the possibilities
for a targeted performance improvement based on structure-property relationships. 4!
Since 1931, aerogels have been researched and optimized for thermal insulation
materials.) An emerging field of studies is the research on insulation materials

based on silica hollow particles in the sub-micrometer region. Only ten years ago,
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Liao et al. published their results on the thermal conductivity of silica hollow sphere
powders, measured by the 3w technique.[® Since then, the research on silica hollow
particle samples was mainly driven by the groups of Gao, working with raspberry-like
silica shellst®H[7h8 and Retsch, working with smooth silica shells/®:[1%. Besides the
shell structure, both groups reported consistent results of thermal conductivities
down to about 20 mW/mK. In addition to these insulation properties, further
advantages of this material class are the controllability of the average pore sizes,
shell thickness, and the superstructure. This high control over the particle geometry
helps developing structure-property-relationships, which in turn can be utilized for a
specific optimization of the insulation capability in the future. Consequently, hollow
particle materials have the potential to become the next generation of thermal

insulation materials.

There are three contributions that determine the thermal conductivity of porous
materials: radiation, gaseous and solid conduction. Radiation is based on an energy
transfer by electromagnetic waves that are emitted by matter above 0 K. At ambient
temperature measurements its contribution is comparably small in the case of silica
aerogels and hollow particle structures. Experimentally, this was shown before by
Herrmann et al., who compared the thermal conductivities of pure and opacified
silica aerogels. Below 50 °C, there was no significant difference between the different
samples. Above 50°C, the thermal conductivities of the opacified samples were

[11] Reim et al. also characterized the

reduced due to the suppression of the radiation.
thermal properties of packed silica aerogels beds, completed by calculations using
a parallel line thermal transport model. They also saw a significant influence of
thermal radiation above 50 °C.['2l In 2017, Fang et al. published a numerical method
to solve the conduction-radiation equation and also confirmed a minor influence
of radiation at room-temperature.!3 Furthermore, a decreasing influence of the
radiative thermal transport with increasing density was found. Hollow silica particle

structures, that can be classified as high-density aerogels!!%:4 therefore, do not

have a significant influence of radiative thermal transport at room-temperature.

This was verified experimentally by Neuhofer et al. who saw an increasing radiative
influence above 200 °C.[15]

In the aerogels’ pores and hollow nanoparticle specimen, gaseous conduction takes
place. A lot of research on pressure dependent thermal transport of aerogels and
hollow silica samples has been done by various groups. Collectively, all studies
showed increasing thermal conductivities with increasing gas pressure due to the

e.[4L8L1OL12L116] Fyrthermore,

additional diffusion pathways through the gaseous phas
the gaseous conductivity is dependent on the gas species, temperature and pore
structure.®! Decisive is the Knudsen number that is defined as the ratio of the mean
free path of the gas molecules and the pore size.'” When the mean free path is larger

than the mean pore size, gas-wall interactions dominate over the gas-gas interactions,
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leading to a significant reduction in the gaseous thermal conductivity. In the case of
nanostructured pores (< 1pum) this reduction in bulk thermal conductivity is even

retained at ambient pressure.[%

Therefore the main thermal transport in aerogel and silica hollow particle samples
occures through the solid backbone. The thermal conductivity, k, is calculated from
the thermal diffusivity, «, the density, p, and specific heat capacity, cp: kK = apcp.
Consequently, the thermal conductivity is directly proportional to the sample density.
With decreasing density, the thermal conductivity decreases due to a restriction of
the propagation of heat to the transport pathways in the tenuous structure. Fricke
and Tillotson performed a series of thermal conductivity measurements with densities
between 50 and 250 kg/m? and revealed that the solid conduction is proportional to
p16.14 The solid backbone of an aerogel is made of interconnected silica nanoparticles

(181,119 In the case of silica hollow particle samples, the

with sizes up to 10 nm. 816
particle diameters are ~10-100 times larger. However, in both cases the amount
and area of the contact points is critical for the thermal transport. It is possible
to calculate the contact area and its influence on the thermal conductivity using
the Hertzian theory. Experimentally, particle beds have been compressed with
different loading pressures20L21 op polymer particles have been heated above the
glass transition temperaturel?? to increase the contact areas without changing
the number of contact points. Both experiments resulted in an increased thermal
conductivity with increasing contact area. Up to now, far too little attention has

been paid to the influence of the particle size that will be addressed in this paper.

Besides the contact area, the number of contact points is strongly affecting the
thermal conductivity by limiting the number of transport paths. This can be achieved
by increasing the disorder of the system. A measure for the order in a colloidal
assembly is the solid volume fraction, ¢. In 1986, the first phase diagrams on the
¢-dependent colloidal superstructure have been published by Pusey and Megan.2’!
The structures can be divided in equilibrium (liquid, crystalline) and non-equilibrium
(supercooled, glassy) states.24-128] Crystalline colloidal structures, that are often
used as model systems for thermal transport investigations, have the highest possible
solid volume fraction of ¢y, ~ 0.74 due to a hexagonal closed packaging.[9:29 To
decrease the order of a colloidal system, it is necessary to increase ¢ fast enough

39 In that case,

to avoid crystallization, for example through a filtration method.
the assemblies first undergo supercooling, passing a glassy region that is limited by
the random-close-packaging boundary. The exact values for the phase boundaries
depend strongly on several parameters, such as the particle diameter, repulsive
Yukawa pair potential, and the Debye length.[zg’]’[gl] However, typical values are
Gglass ~ 0.58, and ¢y ~ 0.64.24 Another possibility to achieve non-equilibrium
states is increasing the dispersity of the colloidal system by mixing two particle

sizes, resulting in a polydispersity of > 5 %.270[28] The resulting lowered number of
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particle contact points was shown by Nutz et al. who performed molecular dynamic
simulations on binary particle assemblies with size ratios of 0.54, 0.8, and 0.9. They
showed that for all size ratios, the number of next neighbors decreased from 12 to
10-11. For the thermal transport this resulted in extended streamline lengths and

consequently lower thermal conductivities. 2

Considering all of the above parameters, the thermal conductivity of a material
can be strongly decreased by decreasing the material density, lowering the solid
volume fraction, and number of contact points. This study focuses on the influence
of material density and disorder on the thermal properties of solid and hollow silica
particle structures. While a controlled reduction of the density is achieved by a
switch from solid to hollow particles, the disorder is introduced by binary particle
mixtures and a fast assembly process. Our contribution provides new insights into
the influences of these parameters and helps to design better insulation materials in

the future.

8.3 Materials and Methods

8.3.1 Materials

503 nm and 902 nm SiOq solid particles were purchased from microParticles GmbH
and used as received. The synthesis of the PS@QSiOy core-shell particles is described

in detail in the supporting information.

The particles were assembled using the vacuum filtration method described by
Ruckdeschel et al.l39 A vacuum filtration system from Merck Millipore was used in
combination with MF Millipore membrane filters with pore sizes of 0.45 pnm, and a

Teflon funnel with a diameter of 1 cm has been used.

All samples have been dried at 40 °C in a vacuum overnight before calcination. The
samples have been calcined at 500 °C for 12h to remove organic components and

avoid structural changes during the measurements.

8.3.2 Methods

Scanning electron microscopy (SEM) was performed using a Zeiss Ultraplus instru-
ment using acceleration voltages of 3kV. InLens and Everhard-Thornley detectors
were used. MATLAB circle detection function was used to evaluate the diameter of

the particles.
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Laser scanning microscopy was performed using a LEXT OLS5000-SAF microscope
(Olympus) to determine the sample thicknesses and volumes. The volume and mass

of the sample were used for the density determination.

Differential Scanning Calorimetry (DSC) measurements were performed on a Discov-
ery 2500 DSC (TA Instruments) between -50 and 450 °C with a heating and cooling
rate of 20 K/min. The samples were measured in a heat-cool-heat cycle, only the
second heating data was used for evaluation. The specific heat capacity, cp, was
determined according to ASTM E1269.32

Laser Flash Analysis (LFA) was conducted on a LFA 467 HT HyperFlash apparatus
(Netzsch) at 25°C in vacuum. The samples were sputtered with a 1 pm gold layer
on the bottom side and coated with a thin layer of graphite on both sides before
inserting in the sample holder. The sample holder was equipped with self-made

graphite support and spacer.1?!

8.4 Results and Discussion

We base our analysis on two types of porous materials, one comprising hollow silica,
the other comprising solid silica spheres. Silica was used because of its high thermal
insulation capability, especially in the case of colloidal crystals consisting of hollow
silica particles. As explained in the introductory part, the thermal transport can be
further reduced by switching from crystalline to disordered structures and by reducing
the material density. Here, the disorder was generated by two complementary
mechanisms. On the one hand, binary mixtures of two particle sizes with 20, 40,
60, and 80vol% of the big particles have been prepared. Additionally, the pure
small and big particles have been measured. It is well known that the addition of a
second particle size prevents crystallization. Furthermore, it was shown before on
polystyrene particles that a particle size ratio of 0.6 is the optimum for reducing the
thermal transport.?) Therefore, the hollow silica particles have been chosen to be
568 nm with 36 nm shells and 966 nm with 32 nm shells. The solid particles were
503 nm and 902 nm (Figure 8.4 and 8.5). The diameter ratios were therefore 0.59
and 0.56 for the hollow and solid particles, respectively. A second way to increase
the particle disorder is a fast assembly strategy, which attenuates crystallization.
Therefore, the filtration method was used for the assembly in this work. It reduces
the assembly process from several days to one hour by removing the water of the
particle dispersions through a filter paper, instead of drying the dispersion in a
beaker. Figure 8.1 shows sideview SEM images of the resulting particle structures
of the hollow (top) and solid (bottom) particles. For a better visualization, the
respective big particles were highlighted in green (hollow) and blue (solid). It can
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be seen, that all assemblies are disordered. Crystallization was suppressed by the
filtration method for all samples, even the 0 and 100 vol% samples, that would
have been able to crystallize owing to their monodispersity. The binary mixtures
may additionally contribute to the disorder in case of the 20, 40, 60, and 80 vol%

samples.

0 vol% 0 vol% 40 vol% 60 vol% . 80 vol% 100 vol%

Fig. 8.1: SEM sideview images of colloidal glasses with increasing amount of big particles.
Top row: hollow binary mixtures. Bottom row: solid binary mixtures.

The second way to tune and reduce the thermal transport in colloidal systems
is the material density. In our case the density was reduced by switching from
solid to hollow particles. As base material, PSQSiOs particles have been used. All
particles have been assembled before calcination. The core-shell particles exhibit a
substantially higher density compared to their hollow particle analogues. Therefore,
to maintain a high comparability to the solid silica sphere samples, we decided to
conduct the self-assembly process with core-shell particles. Consequently, we can
assume that the mesostructure of the hollow and solid samples is similar. After
calcination, the overall density was reduced in the best controllable way. The
particles retain their spherical shape and do not crack or disintegrate during the
calcination process (Figure 8.4, supporting information). Figure 8.2A shows the
sample density in dependence of the volume fraction of the big particles for the
solid and hollow particle samples. The sample densities were determined by dividing
the sample mass by the volume. The volume was determined by the analysis of
three-dimensional sample images recorded by a laser scanning microscope. For each
ratio, 5-6 samples have been measured. In case of the solid particles, the density
remains almost constant around 1.2 g/cm®. The switch to hollow particles reduces
the sample density to about 1/3 of the solid particle density for the 0% big particle
samples. In contrast to the solid particles, the density expectedly decreases by 47 %
from 0.38 to 0.18 g/cm3. This makes sense when having in mind that the specific
particle density decreases by 53 % from the small to the big particles, considering

the comparable shell thickness of ~ 35nm.

The sample densities were used to calculate the packing densities, ¢, of the samples,

which are shown in figure 8.2B for the solid and hollow particles. The packing density
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is used to classify the degree of crystallinity and order in the different samples.
Remarkable are the overall high deviations within one sample group, especially in
the case of the 20 % big particle samples. This unveils the drawback of the filtration

method — a high degree of variability between the individual experiments.

However, the main advantage of the filtration method was successfully utilized, that
the particle assembly was fast enough to suppress the crystallization process, which
can be seen by the data of the monodisperse small and big particle samples. The
values for the solid particles are ¢ = 0.65 and ¢s 100 = 0.69 and, therefore, in the
range of a random-close-packing state. It is interesting that the packing density
of the hollow particles is even lower. The small hollow particles led to a packing
density of ¢, 0 = 0.62, which is in the glassy state. What stands out is the packing
density of ¢y 100 = 0.54 for the big hollow particle samples, that is very low and
in the supercooled region. A possible explanation for the low packing densities
could be found in the particle stabilization. In contrast to the solid silica particles,
the polystyrene and core-shell particles are sterically stabilized with PVP. The
polymer is added during the synthesis of the polystyrene particles and is necessary
for the Stober synthesis of the silica shell. For the synthesis of the big polystyrene
particles, more than the 3-fold amount of PVP was inserted, compared to the small
polystyrene particle synthesis. This large amount of PVP may have increased the
steric stabilization of the big core-shell particles and hindered a closer packing of

the particles during the filtration process.

There are also significant differences between the packing densities of the mixed
particle samples in the case of the solid and hollow particles. While the values for
the solid samples are all in the random-close-packing region, the values for the hollow
samples scatter randomly between the supercooled region for ¢y 99 = 0.57 and the
random-close-packed region for ¢ 69 = 0.72. In the case of the solid samples, no
dependence between the packing density and the binary particle mixture could be
found relative to the large standard deviations. The extraordinary scattering in the
case of the hollow samples may also be a result of the different steric stabilization of

the particles.

The thermal diffusivity of all samples was determined at 25 °C in vacuum using the
light flash method. Figure 8.3A shows the thermal diffusivity data of the solid and
hollow particle samples. The thermal diffusivity of the hollow samples is up to two
times higher than the solid samples. The data of the monodisperse small and big
particle samples shows a drop of ~ 25 % of the thermal diffusivity from the 0 to the
100 vol% big particle samples for both, the solid and hollow samples. In contrast,
the data of the mixed samples behaves differently for solid and hollow samples. In
the case of the solid particles, the thermal diffusivity of the mixed samples lays in

between both limiting values. The thermal diffusivity of the hollow particle mixtures
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Fig. 8.2: (A) Density of samples made from hollow and solid binary mixtures. (B) Resulting
packing density of the samples, calculated with a silica shell density of 1.8 g/cm?,
according to Ruckdeschel et al.l'®] The dashed lines show the literature transition
values from the supercooled to the glassy state (¢y ~ 0.58), from the glassy to
the random-close-packing state (¢yep =~ 0.64), and the upper solid volume fraction,
given by the hexagonal-close-packaging of monodisperse particles (¢ncp ~ 0.74).133]

exceeds both limiting values. However, especially in the case of the hollow samples,

the big error bars also indicate a high variability within one mixing ratio.

From the thermal diffusivity and sample density the thermal conductivity of all
samples was calculated, using the density and specific heat capacity, cp, using
k= «a-p-cp. The specific heat capacity was determined from differential scanning
calorimetry measurements. It is cps = 0.68 & 0.02J/gK for the solid particles
and cpp = 0.83 £ 0.06J/gK for the hollow particles. As expected, the thermal
conductivity of the solid samples is larger than for the hollow samples. Again, there
is a drop from the 0 to 100 vol% big particle samples. In the case of the thermal
conductivity, the decrease is different for the solid and hollow samples. For the
hollow samples, the decrease is about 60 %, which is a significantly higher reduction
compared to the solid samples with 20 %. The thermal conductivities of the particle
mixtures are in between both limiting values and follow the trend that was observed

by Nutz et al. on binary polymer particle mixtures before.2

The data presented here shows the complexity of thermal transport in particular
systems, since the particles itself and their assembly have an influence on the thermal
properties. Crucial parameters for the thermal diffusivity and conductivity are the
specific heat capacity, packing density, and the number of contact points and contact
areas of the individual particles. In addition to the above mentioned multiple
parameters, the variability of the particle assembly makes the characterization more
difficult. However, it is still possible to deduce trends from the presented data:
The introduction of disorder by binary mixtures of solid silica spheres plays a sub-
ordinate role compared to the fast filtration process. This is shown by the thermal

conductivity data of the solid particle assemblies, that does not change when varying
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the mixing ratios. The thermal conductivity data of the solid particles also reveals
the influence of the particle size. The smaller the particle diameter, the larger is
the thermal conductivity. This is due to the fact that the ratio of the contact areas
and the particle surface increases with decreasing particle diameter. The increased
contact areas, in turn, lead to a higher thermal conductivity, which was shown in
literature before.[201-122l Reducing the material density, by switching from solid to
hollow particles, leads to a systematic reduction of the thermal conductivity. The
density drop from the small to the large hollow particle assemblies, influences the
thermal conductivity of the corresponding structures in addition to the influence of
the degree of disorder, particle size, and contact area. Overall, the influence of the a
reduction in density dominates over the degree of disorder when it comes to thermal

insulation materials.
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Fig. 8.3: Absolute values for thermal diffusivity (A) and thermal conductivity (B) of binary
colloidal glasses.

8.5 Summary and Conclusions

The aim of the present research was to examine the influence of material density
and disorder on the thermal properties of colloidal silica structures. For that, two
strategies have been followed: reduction of the density by a switch from solid to
hollow particles and enhancement of the degree of disorder by using binary particle
mixtures and fast assembly through a filtration method. Therefore, binary mixtures
of solid and hollow silica particles in the size range of 500 and 900 nm have been
prepared successfully, which was confirmed by SEM sideview images. It was possible
to reduce the material density of the hollow particle samples of 33 % up to 85 %
compared to the solid particles. While the solid samples’ densities stayed almost
constant for all compositions, it decreased with increasing amount of the big hollow
particles. This finding already indicated the strong influence of the particle size
on the material properties in case of the hollow samples. The calculated packing
densities provided more information about the degree of disorder of the samples.

Again, it was more comparable for the solid samples, while the hollow samples had
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strong fluctuations reaching from the random-close-packed structures down to the
supercooled region for the 100 % big particle structures. The density measurements
unveiled also a high degree of variability between the individual experiments as
disadvantage of the fast filtration method. The presented thermal conductivity data
showed the complex interplay of the different parameters density, disorder, and
particle size, that are closely connected and cannot be examined in a disentangled
way. However, two main trends have been observed: First, the influence of the
particle size was more pronounced than the influence of the degree of disorder in
a sample. Increasing the particle size from 500 to 900 nm, reduced the thermal
conductivity of about 20 %, due to smaller contact areas between the individual
particles. The second trend is that the influence of the sample density was more
pronounced than the influence of the degree of disorder in a sample. For the hollow
sample series, the influence of the density leads to a more pronounced drop in the
thermal conductivity of 60 % from the small to the large particles. Conclusively,
this study sets the basis for further research on the influence of the solid and hollow

particle diameters on the materials’ thermal properties.
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8.7 Supporting Information

8.7.1 Synthesis and Characterization of SiO, (Hollow)
Nanoparticles

Materials

Ammonium hydroxide solution (NH4OH, Sigma-Aldrich GmbH, 30-33 %), 2,2’-azobis-
(isobutyramidine) dihydrochloride (AIBA, Sigma-Aldrich GmbH, 97 %), ethanol
abs. (Sigma-Aldrich GmbH, >99.8 %), 2-methacryloxyethyltrimethylammonium
chloride (MTC, Sigma-Aldrich GmbH, 75 % soln. in water), polyvinylpyrrolidone
(PVP, Sigma-Aldrich GmbH), styrene (Sigma-Aldrich GmbH, > 9%), tetraethyl
orthosilicate (TEOS, Sigma-Aldrich GmbH, 98 %) were used as received. Millipore
water was taken from a Millipore Direct Q3UV unit (Merck Millipore). 2,2’-Azobis(2-
methylpropionitril) (AIBN, Sigma-Aldrich GmbH) was recrystallized from ethanol

before use.

The SiO9 particles (SiO2-F-SC122 and SiO3-F-SC86-2, microParticles GmbH, 5 wt%)

were used as received.

Additional Methods

Transmission electron microscopy (TEM) measurements were performed with a
JEOL JEM-2200FS field emission energy filtering transmission electron microscope
(FE-EFTEM) operated at an acceleration voltage of 200 kV. Zero-loss filtered
micrographs (AE ~ 0eV) were recorded with a bottom mounted CMOS camera
system (OneView, Gatan) and processed with DM 3.3 image processing software
(Gatan).

Polystyrene Template Particles

530 nm particles (Fig. 8.4) were synthesized via emulsifier free emulsion polymer-
ization.!! For the synthesis, 1.8 g PVP (360kg/mol), 235 ml Millipore water, and
26 ml styrene were added to a 500 ml three-neck flask equipped with a gas inlet and
reflux condenser. The emulsion was stirred at a stirring speed of 850 rpm using
a large egg-shaped magnetic stirrer bar and heated to 70 °C under a slight argon
flow. 0.8 g AIBA was dissolved in 5ml Millipore water, was added to initiate the

8.7 Supporting Information
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polymerization after 60 min. After the nucleation the stirring speed was reduced to
450 rpm and the reaction was allowed to continue over night. The polymerization
was stopped by exposing the dispersion to ambient air and filtrated using a 125 pm

nylon filter sieve. No further purification was required.

The 928 nm particles (Fig. 8.4) were synthesized via dispersion polymerization. 23]
6g PVP (40kg/mol), 112ml of ethanol, 20 ml Millipore water, 10 ml styrene and
0.6 g AIBN were added to a 11 three-necked flask, equipped with a reflux condenser
and a gas inlet. The whole reaction was carried out under a slight argon flow. The
solution was stirred with an egg-shaped stirring bar with a speed of 150 rpm. After
30 min, the mixture was heated to the reaction temperature of 70 °C. 112 ml ethanol,
10 ml styrene, and 450 nl MTC were premixed in an Erlenmeyer flask and added to
the reaction after 90 min. The reaction was carried out overnight and stopped by
exposing the dispersion to ambient air. The dispersion was filtrated using a 125 pm

nylon filter sieve. No further purification was required.
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Fig. 8.4: Histograms and SEM images of polystyrene particles that were used as template
for the SiO5 hollow particles, and of the silica particles, that were used as reference
material.

PS@SiO, Core-Shell Particles

A modified Stober process was used for the synthesis of the silica shell to get
PS@SiO, core-shell particles.[*] For the synthesis, 100 ml dispersion of the 530 nm
(928 nm) particles were diluted with 700 ml ethanol and 1/10 of 20ml (5.5 ml) TEOS
and stirred at 400 rpm at room temperature. After 20 min equilibration time, 52 ml
NH,4OH solution was added. The remaining TEOS was added in nine more steps in
time intervals bigger than 15 min and the reaction was stirred at room temperature
over night. The particles were centrifuged and washed twice with ethanol and three

times with Millipore water for purification.
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Fig. 8.5: TEM images of small and big silica hollow particles after calcination at 500 °C.

8.7.2 References

[1]

J. W. Goodwin, J. Hearn, C. C. Ho, and R. H. Ottewill, ,,Studies on the
preparation and characterisation of monodisperse polystyrene laticee“, Colloid
and Polymer Science, vol. 252, no. 6, pp. 464-471, Jun. 1974.

X. Cheng, M. Chen, L. Wu, and G. Gu, ,,Novel and facile method for the
preparation of monodispersed titania hollow spheres“, Langmuir, vol. 22,
no. 8, pp. 3858-3863, Mar. 2006.

A. M. Lechner, T. Feller, Q. Song, et al., ,Scalable synthesis of smooth
PS@TiO4 core-shell and TiO hollow spheres in the (sub) micron size range:
Understanding synthesis and calcination parameters®, Colloid and Polymer
Science, vol. 298, no. 7, pp. 867-878, Mar. 2020.

W. Stéber, A. Fink, and E. Bohn, ,,Controlled growth of monodisperse silica
spheres in the micron size range”, Journal of Colloid and Interface Science,
vol. 26, no. 1, pp. 62-69, Jan. 1968.

8.7 Supporting Information

159






Thermal Transport in Ampholytic
Polymers: The Role of Hydrogen
Bonding and Water Uptake

Patrick Hummel', Anna M. Lechner!, Kai Herrmann', Philip Biehl?, Carsten
Rossel?, Lisa Wiedenhoft?, Felix H. Schacher?, and Markus Retsch!

! Department of Chemistry, Physical Chemistry I and Bavarian Polymer Insti-
tute, University of Bayreuth, 95447 Bayreuth, Germany

2 Institute of Organic Chemistry and Macromolecular Chemistry and Jena Cen-
ter for Soft Matter (JCSM), Friedrich Schiller University Jena, D-07743 Jena,

Germany
H-bond strength
:---ll-l.r.--.-...:él
HO.__.O » HO__.O wuw HO__O « >
- ,Hﬁ, . ’H\ff - 5 :
n *\AE];, . n g n = _g
NH, u N . N . 2
HN 0 : «j -: «] L")
S - S -
0O : -: . g
PDha PAGA _» PIMAA ::PMelmAA:g o>
A B EEEEs AaEEEEEESN 'a P
O op® Q\d“;:‘\e\d‘

Published in Macromolecules, 2020, DOI: 10.1021/acs.macromol.0c00596
Reprinted with permission from Hummel et al., Macromolecules 2020, 53,
5528-5537. Copyright 2020 American Chemical Society.

161



162

9.1 Abstract

The low thermal conductivity of amorphous polymers typically prevents their usage
in thermal management applications. Therefore, increasing their intrinsic thermal
conductivity poses an exciting scientific challenge. One approach is to promote
attractive interchain interactions. Here, we investigate the thermal conductivity of
several ampholytic polymers. This unique class of polymers offers H bond donor
and acceptor groups in each repeat unit and constitutes a one-component system.
We use IR spectroscopy to characterize the bonding strength and motifs based on
the carbonyl peak. For the dry ampholytic polymers, we find a correlation between
H bond strength and thermal conductivity. We also characterized the influence of
hydration under various relative humidity conditions, which mostly led to an increase
in thermal conductivity. This increase can be rationalized by the formation of a
water-polymer nanocomposite material and can be described by volume-weighted

mixing models.

9.2 Introduction

Easy processability, lightweight, low cost, and electrical insulation make polymers
promising candidates for various applications in electronic devices. The continuously
increasing energy density in such electronic devices demands a wholistic concept
for thermal management at the same time.[!l The usually low thermal conductivity
of polymers represents a significant obstacle in this context. For that reason, the
ambitious goal of polymer chemists is to create thermally highly conducting polymers.
Similar to the discovery of (semi)conducting polymers, this would open up an entirely
new space for the application of amorphous polymers. Two general strategies have
been pursued to reach this goal: the creation of polymer (nano)composites and
polymer processing. In the case of processing, a variety of methods such as mechanical
stretching, 2 electrospinning,®! and nanotemplating!¥ have been investigated. In
these cases, an increase in thermal conductivity is mostly attributed to a high chain
orientation.6] The polymer chain orientation is often accompanied by some degree
of crystallization. The chain alignment can be further enhanced by the proper
design of the polymer backbone to promote stiffer polymer chains.”) Consequently,
impressively high thermal conductivities, of around 20 W/mK, were measured along
the axis of crystalline polymer fibers with a high modulus.2 However, the radial
thermal conductivity stays low.8) Even a commercial product is already available,
making use of stretched polymers with a high degree of crystallinity. The organic
heat spreader Temprion OHS (DuPont) with a crystallinity of 99.9 % demonstrates
a remarkable in-plane thermal conductivity of 45 W/mK and a typical polymer-like

cross-plane thermal conductivity of 0.2 W/mK. Amorphous polymers, in general,
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have a lower thermal conductivity than crystalline ones. However, their heat-
spreading capabilities would be less affected by the orientation in space owing to
the random polymer coiling. Furthermore, the processing of amorphous polymers is
less sophisticated because of the lack of a nucleation and growth phase compared to
(semi)crystalline samples. Ways to beat the intrinsically low thermal conductivity
of amorphous polymers are mixing with highly conducting components or the

introduction of functional groups.

In that regard, the field of (nano)composite materials has been actively investigated
over the past years. The effective material properties strongly depend on a multitude
of parameters such as the filler shape and composition, the interfacial interaction
between the filler and matrix, and the filler concentration.”1% Depending on

the filler shape, anisotropic thermal transport properties may evolve at the same
time'[ll]:[lﬂ

The introduction of functional groups to the polymer backbone or its side groups is
an alternative approach to increase the thermal conductivity. The main driving force
for an increased thermal conductivity is stretching of the polymer to a more elongated
conformation and an improved interchain transfer of heat. Amorphous polymers
with hydrogen bond-forming functional groups are consequently well-suited to realize
improved thermal conductivities.'3) The strong hydrogen bonding between adjacent
polymer chains could improve the transfer of thermal energy. In addition to this, the
thermal conductivity can be further increased by the use of polyelectrolytes.14):[15]
Polyelectrolytes react sensitively to external stimuli such as ionic strength or pH,

which influence the polymer conformation and polymer packing.

The engineering of these interchain interactions can lead to high thermal conduc-
tivities of up to 1.5 W/mK, as shown in amorphous polymer blends.!*6l However,
demixing is a significant issue in polymer blends, and controversial findings on the
role of H bonds were published.!!3] Miscibility is always an enormous challenge in

polymer blends, and the resulting microstructure can be hard to characterize.

In this work, we present a new approach to prevent the issue of miscibility. Am-
pholytic polymers exhibit donor and acceptor groups for the formation of H bonds
covalently attached to one polymer chain, which inevitably prevents demixing. We
present four different ampholytic polymers (Scheme 9.1) with a detailed character-
ization of their microstructure (measured by IR spectroscopy) and their thermal

transport properties (measured by the photoacoustic method).

9.2 Introduction
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Scheme 9.1: Synthesis of PImAA, PMeImAA, PDha, and PAGA

9.3 Materials and methods

9.3.1 Polymer Synthesis

PImAA

PMelmAA

PDha

PAGA

Synthesis of poly(2-(imidazole-1-yl)acrylic acid) (PImAA), (Scheme 9.1): The syn-
thesis of ethyl 2-(imidazole-1-yl)acrylate (EImA) and anionic polymerization in
tetrahydrofuran (THF) with potassium tert-butoxide (KOtBu) as an initiator, as

well as the polymer modifications, were performed as described in the literature.

(17]

The polymers were characterized by proton nuclear magnetic resonance (‘H NMR)
(300 MHz, D20) and size exclusion chromatography (SEC, 0.1 M NaCl/0.3% TFA

in water, P2VP calibration).
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Synthesis of polydehydroalanine (PDha), (Scheme 9.1): PDha was synthesized

191 Briefly, a solution of

as reported by Ginther et al. or von der Liihe et all'8)
2.9mg (0.0084 mmol) of Lucirin TPO in 300 pL of 1,4-dioxane was added to 300 mg
(1.49mmol) of tert-butoxycarbonylaminomethyl acrylate (tBAMA; M/I = 200:1).
The mixture was placed in an ultraviolet (UV) cube (100 W) for 5min. Afterward,
the polymer was precipitated in 4 mL of n-hexane and subsequently deprotected.
Therefore, 500 mg of the obtained PtBAMA was dissolved in 7.5 mL of trifluoric
acetic acid and stirred at 50 °C for 1h. The mixture was precipitated in methanol.
The so-obtained PAMA was dissolved in 10 mL of 1,4-dioxane, and a saturated
solution of LiOH (10mL) was added. The mixture was stirred at 100 °C for 3h and
neutralized with diluted HCl,q. During neutralization, PDha precipitated. PDha

was characterized by 'H NMR (300 MHz, DoO/NaOD, pH 8).

Synthesis of poly(2-acrylamido glycolic acid) (PAGA), (Scheme 9.1): 2-acryloylamido

20] Reversible addition-

glycolic acid was synthesized as described in the literature.
fragmentation chain transfer (RAFT) polymerization was performed according to
a previously published protocol?!l with [M]/[CTA]/[I] = 145:1:0.3. PAGA was
characterized by 1H NMR (D20, 300 MHz) and SEC (0.1 M NaNO3/0.05 % NaNs,

PEO calibration).

Synthesis of poly(methyl methacrylate) (PMMA): The RAFT synthesis of PMMA
was adapted from Mayadunne et al[??l Therefore, 38.25g (0.382mol) of MMA,
750.6 mg (2.17mmol) of 2-cyano-2-propyl dodecyl trithiocarbonate (CPDTTC),
3.7mg (0.0225 mmol) of azobisisobutyronitrile (AIBN), and 11.9g (0.129 mol) of
toluene were placed in a flask. The mixture was heated to 80°C for 33.5h. The

polymer was precipitated in methanol.

Poly(acrylic acid) (PAA) was purchased from Sigma-Aldrich as a sodium salt solution.
The pH of the solution was adjusted to 1. The sodium ions were removed by dialysis

of the solution against Milli-QQ water until pH was constant.

9.3.2 Sample Preparation

Spin-Coating

The polymers were dissolved in the respective solvent to achieve concentrations
between 15 and 25 wt%. PMMA was dissolved in toluene and PDha was dissolved
in DMSO, while all other polymers were processed from water. The solutions were

then spin-casted on glass substrates with dimensions of 25 x 25 mm at 3000 rpm

9.3 Materials and methods
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for 150 s. These samples were used for thermal conductivity measurements and IR

investigations. The dry samples were kept in a vacuum oven at 100 °C for 24 h.

Humidity Annealing

Saturated salt solutions in a desiccator achieved different relative humidities. We used
MgCly, NaCl, and K5SOy4 for relative humidities of 45, 77, and 92 %, respectively.[%}
The spin-cast samples were equilibrated in a humid atmosphere for 24 h before further
investigations. The transducer layer surface is shown in Figure 9.15 and demonstrates
holes or cracks. Therefore, equilibration with the environment is not prevented by
the evaporated transducer layer on top of the polymer. Photoacoustic (PA), atomic
force microscopy (AFM), and IR measurements were conducted immediately after

receiving the samples from the humidity-adjusted desiccator.

Thermal Conductivity Measurements

The PA method was used to determine the thermal conductivity of the spin-coated
polymer films.[24):[25] A gold transducer layer was applied to the top of the sample
before the measurement. The sample is fixed to the measurement cell. The cell is
gas-tight and filled with 20 psi helium. A modulated laser heats the transducer layer
periodically. The induced temperature change on the surface of the sample leads to
an acoustic wave propagating into the gas. The acoustic signal is detected using
a microphone and coupled to a lock-in amplifier. The frequency-dependent phase
shift between the modulated laser beam and the acoustic wave is measured. The
experimental data are fitted using a multilayer model, describing the temperature
distribution in the sample. The primary fitting result is the total layer resistance.
Dividing the total layer resistance by the film thickness, the effective thermal
conductivity is obtained. Each sample was measured three times. The mean values
of these measurements are presented with the standard deviations as error bars.
The humidity-dependent data were measured without additional external control of
the surrounding humidity. We did not observe a drift in the photoacoustic signal
during the measurement time and conclude that the humidity water uptake remains
constant for this duration (Figure 9.6¢). More details can be found in the Supporting

Information Section 9.7.1.
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Fourier Transform Infrared Spectroscopy

The Fourier transform infrared (FTIR) measurements were conducted on a Bruker
(Billerica, MA, USA) VERTEX 70 IR spectrometer with an attenuated total reflection
(ATR) measurement unit. The measurements were performed from 380 to 4000 cm~*
with a resolution of 4cm™' and 128 scans. The samples were taken from the
desiccators or vacuum oven, respectively, and directly measured under ambient
conditions. Normalized spectra were used to calculate the difference spectra relative
to the dry polymer samples.26l Therefore, the normalized spectrum of the dry
sample was subtracted from the spectra at the different relative humidities. The CHsy

1

deformation vibration at 1450 cmm™" was used as a reference peak for normalization,

which is unaffected by water adsorption.

Fourier Self-Deconvolution

Fourier self-deconvolution (FSD) is a mathematical method to increase spectral
resolution. By this, it is possible to separate overlapping absorption bands in an
IR spectrum. 2™ We applied the FSD according to Hu et al.28 The software OPUS
7.5 (Bruker, Billerica, MA, USA) was used for all steps. First, the carbonyl region
(between 1800 and 1540 cm ™) was cut-off. A baseline correction with one iteration
was performed, and the spectrum was smoothed by 5-9 points. In the next step, the
FSD was performed with a Lorentzian shape with a half-bandwidth of 25 and a noise

reduction of 0.30. Another baseline correction was conducted before the peaks were

selected according to the minima of the second derivative of the initial spectrum.

Finally, the peaks were fitted with a Gaussian profile with the Levenberg-Marquardt
method.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) measurements were performed on a TA
instruments Discovery DSC 2500. Two heating cycles were conducted; only the
second cycle was used for evaluation. The temperature profile ranged from -40 to
140 °C using a heating rate of 10 K/ min with a nitrogen flow of 50 mL/ min. The

measurements are shown in Figure 9.13.

Modulated DSC (MDSC) measurements were performed to determine the cp of
the samples. The optimum MDSC parameters have been calculated and evaluated

following the instructions described in the literature.?¥) The modulations in the

9.3 Materials and methods
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transition range and the modulation period were controlled and adjusted to a heating
rate of 2 K/ min, a period of 80s, and an amplitude of 1.6 K. The final samples were
measured in hermetic pans to avoid loss of water during the measurement. The
experiments were performed in a temperature range from 5 to 60 °C. Cp at 25°C of

each polymer is given in Table 9.1.

Tab. 9.1: Summary of the Measured Polymer Properties®

name M, [g/mol] PDI density [g/cm?] ¢, [J/gK]

PImAA 5500  1.31P 1.48 1.045
PMeImAA  3300>  1.45P 1.37 0.896
PDha 13,000  2.5° 1.24 1.009
PAGA 28,5004 1.324 1.22 1.245
PAA 15,000 1.26 1.202
PMMA 17,400  1.15 1.15 1.217

*The density and ¢, values were used for the determination
of thermal conductivity. "Determined by SEC using aqueous
0.3% TFA/0.1M NaCl as an eluent and calibrated against P2VP
standards. “Determined for the protected precursor of PDha
by SEC using 0.1 % LiCl in DMAc as an eluent and calibrated
against PMMA standards. 9Determined by SEC using 0.1 M
NaNO3/0.05% NaNgs as an eluent and calibrated against PEO
standards. °Determined by SEC using THF as an eluent and
calibrated against PMMA standards.

Helium Pycnometer

An Ultrapyc 1200e (Quantachrome Instruments, Boynton Beach, FL, USA) was
used for the determination of the density of the dry samples. Before each run, the
volume of the measurement cell was calibrated. Subsequently, a defined mass of the
polymer was put into the cell. The volume of the polymer was determined by 100
runs. The division of mass and volume calculated the density. The obtained values

are summarized in Table 9.1.

9.4 Results and Discussion

We investigate the effective thermal conductivity of four different ampholytic poly-
mers, PDha, PAGA, PImAA, and its methylated derivative poly(2-(3-methylimidazolium-
1-yl)acrylic acid) (PMeIlmAA, Figure 1a). All polymers have at least two different

functional groups per repetition unit. We also analyzed PAA with only one func-
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tional group, which was reported to play a crucial role in the formation of a highly
conducting pathway.['¥l PMMA is not able to form hydrogen bonds and was also

measured as a reference system.
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Fig. 9.1: (a) Structure of the ampholytic polymers and the reference polymers PAA and
PMMA. The ampholytic polymers have at least two functional groups per repetition
unit. (b) IR spectra of all investigated polymer samples in the dry state. The
red dashed lines present the carbonyl peak position of PMMA and PMelmAA,
respectively. (c) Measured effective thermal conductivity of all samples (solid
bars). The thermal conductivity correlates with the peak position (black symbols)
of the carbonyl band measured by IR spectroscopy (except for PAA). The light
blue area indicates the range of literature values for amorphous, water-soluble
polymers.!*3!

We start our analysis by the polymer characterization under dry conditions, that is,
after storing the samples in a vacuum oven. In the IR spectra shown in Figure 9.1b,
it can be seen that, except PMMA, all polymers form intra- and intermolecular
hydrogen bond interactions as indicated by the broad bands between 2500 and
3600cm~!. These bands originate from the O-H and N-H stretching vibrations.
OH-wagging at 900 cm~! is another indicator for the presence of COOH under these
vacuum-dried conditions. This band is broad due to various spatial orientations of
the H bond-forming functional groups. Because of this variety of possible bonds,
the underlying C-H stretching vibrations, and several overtones, this region of an IR

spectrum is challenging to evaluate.

We, consequently, focus our analysis on another strong peak connected to hydrogen
bonds: the carbonyl stretching vibration around 1700 cm™!. This peak is very strong,
possesses a small full width at half-maximum, and is sensitive to the local environ-

ment.[28B0LBY Therefore, it provides a suitable target for further investigations of

9.4 Results and Discussion
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H bonds. Furthermore, it was shown that the absorption coefficient of the carbonyl
stretching vibration, in comparison with the O-H and N-H stretching, does not
depend significantly on the strength of the H bonds.[32133] One disadvantage is that
H bonds between functional groups without a carbonyl group contribution cannot
be resolved. A first indication of the strength of a hydrogen bond is the position of
the carbonyl peak, whereby lower frequencies indicate an increasing strength of the
H bond.[?4 We see a systematic shift of the carbonyl peak from PAA to PMeImAA,

indicating an overall increase in strength of the carboxylic H bonds.

The effective thermal conductivities (Figure 9.1c) show typical values for water-
soluble amorphous polymers compared to values reported in the literature (shaded
area).l'3) Comparing our values for PMMA (0.16 W/mK) and PAA (0.31 W/mK)
with the literature (0.20 W/mK[! and 0.34 W/mK[!/0.37 W/mK['3), we find
slightly lower values. The lower values are reasonable because the PA method
determines the total layer resistance of the sample. The effective thermal conductivity
is calculated based on the polymer film thickness. Also, it takes the thermal
resistances between the polymer layer and the support structure and transducer
layer, respectively, into account. We attribute the relatively large standard deviation
of the PImAA sample to the lowest layer thickness (<1um) of the PImAA sample,

which reduces the fitting accuracy.

Considering the systematic increase in H bond strength derived from the carbonyl
peak position, we find the expected increase in thermal conductivity for the am-
pholytic samples under investigation. Rather unexpected from this point of view is

the exceptionally high thermal conductivity of PAA.

For further insight into the strength of the H bonds, we provide a detailed analysis of
the IR spectra. We base our analysis on FSD of the carbonyl resonance between 1600
and 1750 cm ™, according to Hu et al[?8] The fitted spectra are shown in Figure 9.2.
The peaks are assigned to different configurations of the carbonyl group. Dark yellow
is anhydrides (1805-1760cm™1), green is free carbonyl groups (1740-1730cm™1!),
cyan is the terminal oligomeric form of carboxylic acid (1716-1680 cm™!), blue is
the cyclic dimer (1700-1665cm™—!), and gray-blue is the inner oligomeric form (1675-
1650 cm™!). These peaks can be found in all samples containing a carboxylic acid
group. The assignment is based on Dong et al.,3% who investigated different H
bond motifs in PAA samples. The introduction of amino groups in our ampholytic
polymers introduces additional peaks marked in purple, ascribed to H bonds with
primary or secondary amino groups (PDha and PAGA). A final category of H bonds
is assigned to the interaction of the carbonyl group with the imidazole ring in PImAA
and PMelmAA depicted in dark blue. Further contributions arising from vibrations

other than the carbonyl stretching, such as NH bending vibration/Amide II and
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vibrations of the aromatic ring, are summarized in orange. As a consequence, the

orange bands were excluded for the evaluation of the carbonyl ratio.
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Fig. 9.2: (a) Deconvoluted IR spectra of all investigated samples. The films were dried
before the measurements. (b) Relative ratio of different motifs of the carbonyl
bond. (c¢) Schematic illustration of different H bond motifs.

The relative contribution of all these different classes of hydrogen bonds is summarized

in Figure 9.2b. Most notably, PAA comprises a range of strongly coordinated H

bonds (dimer, inner, terminal) and even covalently condensed moieties (anhydride).

The interplay of these structural motifs facilitates thermal transport between the
polymer chains. Please note that the strength of the H bond is the lowest in the case
of PAA compared to all other ampholytic polymers (Figure 9.1b, 1723 cm™! peak
position of the carbonyl band). Thus, the bonding scheme in PAA may additionally
facilitate an elongated conformation, which also improves thermal transport. As
soon as an additional functional group is introduced (NHsy in the case of PDha),
the thermal conductivity drops considerably. However, the nature of the H bond
environment is still comparable to PAA. Merely, the anhydride and free-carboxyl
bonds are replaced by O-H-N moieties (“other bonds” in Figure 9.2b). The overall

stiffer carbonyl peak (1695 cm ™) should even favor a higher thermal conductivity.

Thus, it is difficult to unambiguously relate the thermal conductivity reduction to

subtle differences in the way hydrogen bonds are formed in the respective polymers.

[14] or the influence of the

Additional contributions, such as the side chain structure
side groups on the polymer morphology,m are important at the same time. Thus,
the alleged beneficial influence of additional hydrogen bonds to the primary amino
group is counteracted by conformational changes that cannot be resolved by IR
characterization. The transition from PDha to PAGA, PImAA, and PMelmAA

demonstrates a monotonic increase in the class of other hydrogen bonds. Along this
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direction, the strength of the carbonyl bond also increases. The combination of both

effects translates into the general trend of increasing thermal conductivity.

PAA and all herein used ampholytic polymers are strongly sensitive to humidity.
We, consequently, determined its influence on the effective thermal conductivity. We
gravimetrically measured the moisture content after prolonged exposure to specific
humidities (Figure 9.3a). PMMA, as a control, demonstrates no sensitivity to
increasing humidity. PAA exhibits a considerable absorption of water on the order
of 40 %, whereas in the case of the herein used, ampholytic polymer values from 35
to 60 % are found. The quaternized PMelmAA exhibits the most significant water
uptake and doubles its weight. These mass changes are comparable to literature data
on PAAS) and other polyelectrolytes, 6 respectively. The uptake of water influences
not only the H bonding within the polymers but also the specific heat capacity
and density. Both quantities are highly relevant when determining the thermal
conductivity under these conditions. The measurement of the effective polymer
density under various humidity conditions is not possible in a direct manner. We,
therefore, used the measured moisture content to calculate the humidity-dependent
density. The specific heat capacity was determined experimentally by MDSC
measurements, using hermetic pans (Figure 9.3b). The shaded areas indicate the
expected ¢, based on a mass-weighted mixing model considering the measured
moisture contents. Although the overall trend of an increasing ¢, is well-captured
in all cases, some degree of variability in a range of ~20% is seen. This variation
can be explained by the difficulty of accurately retaining the moisture uptake and

polymer conformation during the measurement itself.
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Fig. 9.3: Humidity dependence of the samples. (a) Moisture content increases with humidity
for all polymers with functional groups. Shaded areas mark the variability. (b) c,,
measured by MDSC, increases with humidity (solid lines and symbols). Shaded
areas rationalize the expected trend of the cp based on the water uptake in (a)
calculated using a mass-weighted mixing model.

The uptake of water also affects the polymer microstructure and H bond environment.

Consistently, with our previous analysis, we used FSD of the carbonyl peak of our
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FTIR spectra. Figure 9.4 summarizes three distinct cases: PAA, PImAA, and
PMeImAA. The spectra show a distinctly different way of water uptake in the
case of PAA compared to PImAA and PMelmAA. In the literature, there is a
differentiation between unbound and bound water.[??:B7 We define bound water
as directly coordinated to the polymer, while unbound water interacts with other

water molecules and forms clusters.
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Fig. 9.4: From left to right: IR spectra of samples stored at different relative humidities.
Difference spectra in the region of the carbonyl stretching vibration. The relative
peak area of different H bond structures dependent on the relative humidity. (a)
PAA, (b) PImAA, and (c) PMelmAA.

Our results of the absorbed amount of water in PAA (moisture content of 0.42g/g
polymer) are in good agreement with the literature value (0.47 g/g polymer).cccc
Also, the FTIR difference spectrum is in good agreement with the findings of Daniliuc
et al.l35] They reported a negative contribution in the difference spectra for free C=0
(around 1735cm™!) and dimer (around 1700cm™!) and a positive peak between
1672 and 1634cm~!. The negative contributions are attributed to disconnected
polymer-polymer interactions, while the positive contributions are newly formed

(35]

polymer-water interactions.!”®! They interpreted the spectra such that only bound

water exists in their PAA sample.

Despite a higher moisture content, the difference spectra of PImAA and PMelmAA
show overall fewer variations. Although the negative contributions between 1675
and 1600 cm™! represent disconnected polymer-polymer interactions, the overall

lack of significant positive contributions indicates that the water is adsorbed in
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a less bound state in the case of PImAA and PMelmAA. The variation between
these two polymers is smaller because polymers with similar functional groups show
similar peaks in IR spectroscopy when adsorbing/absorbing water.[38] The same
data evaluation and representation for PDha and PAGA are summarized in Figure
9.13.

When considering the deconvoluted peaks (right panels of Figure 9.4), one has to
be cautious while interpreting the respective contributions. The major difficulty
is that the thermal conductivity is governed by various parameters, which were
already pointed out in the discussion of the dry samples. We can, however, extract
reasonable trends. PAA shows that the adsorption of bound water hardly influences
the thermal conductivity. Consequently, bound water intercalates tightly between
the PAA chains without affecting its conformation nor impeding interchain thermal
transport. The IR spectra of PImAA do not show significant changes in the carbonyl
peak region. Consequently, the uptake of bound and unbound water itself seems to
be the driving force for the monotonic increase in thermal conductivity. PMelmAA
hints toward the fact that the creation of inner oligomeric groups on the expense
of anhydride, cyclic dimer, and charged heterocycle interactions impedes thermal
transport up to the humidity of RH ~77%. Finally, considering reports in the
literature, the uptake of water was also reported to increase the effective thermal
conductivity strongly. Mehra et al.®?) worked with polyvinylalcohol and ascribed
the thermal conductivity increase to the formation of thermal bridges by bound
water molecules. All these examples demonstrate that the influence of humidity
on the thermal transport in hydrophilic polymers is hard to predict and certainly

depends on the specific polymer-water combination.

Although the previous discussion focused on a microscopic interpretation of inter-
and intramolecular interaction between the constituting polymers, we also want
to draw the attention to an alternative consideration comprising a much more
coarse-grained point of view. The uptake of unbound water can be understood as
a way to generate a two-phase material, where water clusters are formed.[?”) This
heterogeneous material can then be analyzed in a similar way to other nanocomposite
materials using effective medium models as described by Carson.[*9) For this, we use
the vacuum (dry) polymer thermal conductivity as the pure phase of one component
and literature data of the thermal conductivity of water as the second component.
In combination with our data of the moisture uptake (Figure 3a) and two volume-
weighted mixing models (parallel mixing model and effective medium mode1[40]),
the humidity-dependent thermal conductivity is calculated (Figure 9.5). For PDha,
PAGA, and PImAA, both mixing models describe the experimental data adequately
well, particularly when considering the accuracy of the mixing models themselves and

the thermal conductivity determination. For the case of PAA, where a high amount
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of bound water can be expected, both mixing models systematically overestimate

the effective thermal conductivity.
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Fig. 9.5: Effective thermal conductivity vs relative humidity for all investigated polymer
samples. From (a-f) PMMA, PAA, PDha, PAGA, PImAA, and PMeIlmAA. The
solid symbols depict the experimental data, while the dashed and dotted lines are
calculated values using the parallel and the EMT mixing model, respectively. A
schematic illustration of these models is shown as an inset in (a). The shaded
areas consider the variability because of the deviation of the moisture content
determination. The dashed black line represents the thermal conductivity of water.

The parallel mixing model is based on the presence of extended percolation paths
through the entire polymer structure. In contrast, if the water uptake happened in
a random and dispersed fashion within the polymer, it should be better represented
by the EMT mixing model (also compared to the schematic depiction in the inset of
Figure 9.5a).[40] The small difference between the pure polymer and the pure water
thermal conductivity prevents an unambiguous judgment on the presence of dispersed
or percolated water inside the polymer. Both mixing models, however, support
the straight-forward interpretation in the sense of a water-polymer nanocomposite
material. Only the ionic PMelmAA sample deviates strongly from the mixing

models, which could be understood in a way that the uptake of water first disrupts
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thermal transport pathways. Once water condensation sets in at very high humidity

(RH ~92 %), the thermal conductivity is again dominated by the water phase.

9.5 Conclusions

We employed a set of polyampholytes featuring a high density of functional groups
to investigate how thermal transport can be controlled by hydrogen bonding in
amorphous polymers. We, therefore, compared four types of ampholytic polymers to
PAA and PMMA as reference materials. The investigation of ampholytic polymers is
particularly interesting because this opens an elegant pathway to study the influence
of H-donor and H-acceptor groups in a one-phase system. We employed a detailed
IR spectroscopy investigation for a holistic understanding of the involved H bond

motifs.

In summary, we can deduce three major trends. First, PAA is an exceptionally
well-conducting hydrophilic polymer, which we attribute to a stretched polymer
conformation. Second, for all ampholytic polymers, we find an overall trend of
increasing thermal conductivity along with an increase in the H bond strength under
dry conditions. This can be deduced from a systematic red shift of the carbonyl peak.
Third, the presence of humidity leads to a polymer-specific uptake of water and,
consequently, to a variety of changes to the H bond motifs. However, the thermal
transport in ampholytic polymers can be well-described using mixing models, where
the uptake of water is considered as the formation of a nanocomposite material.
Deviations from this straight-forward description are PAA, where a high amount
of strongly bound water is observed, and PMelmAA, where ionic interactions are
dominant. The deconvolution of the carbonyl resonance peak demonstrates a range
of binding motifs between the respective polymers. However, an unambiguous
assignment of a particular H bond moiety to an increased or decreased thermal
transport behavior is not possible. Additional factors such as scattering effects along
the polymer backbone or on polymer side groups have to be taken into account, as
well as subtle changes to the polymer conformation. Overall, our contribution adds
to a better understanding of the role of H bonds for thermal transport in polymer

materials.

Most importantly, not only the specific design of H bond motifs determines the
capability to conduct thermal energy. Even in the case of one-phase systems, the
various influences of polymer conformation, side groups, and interaction have to
be balanced. We are still far away from a predictive model to molecularly design

amorphous polymers to a specific high or low thermal conductivity. This is an
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ongoing challenge to be addressed by polymer chemists and engineers over the next

years.
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9.7 Supporting Information

9.7.1 Thermal conductivity measurements

The thermal conductivity was determined by the photoacoustic method. For pho-
toacoustic characterization, the samples were spin-coated on glass substrates. The

layout of the measurement set-up is described in the literature.!

The frequency-dependent phase-shift is plotted in Figure 9.6 - two measurements
and the respective fits are shown in Figures 9.6a and b. They correspond to the
dry and the RH 77 % PImAA sample, respectively. The phase shift data are fitted
by a multilayer model developed by Hu et al.2 The fit was performed according

to Singh et al.l®l

, which yields the total layer resistance. Figure 9.6c shows three
consecutive measurements. The change of the phase shift is minimal. Therefore, we
conclude that the moisture content keeps constant over the course of at least three

measurements, which corresponds to about 30 min.

The thickness was obtained by AFM measurements (Table S1). For each humidity
condition, a separate and individual sample was prepared using the same stock
solution and spin coating parameters. Overall the layer thicknesses show a good
consistency from sample to sample. The applied humidity conditions do not lead to
an excessive degree of swelling. Only for PImAA, the layer thickness at RH 92 %
could not be quantified by AFM directly. The low molecular weight of PImAA
(5500 g/mol) - in comparison to the other polymer samples (13000 - 28 000 g/mol) -
led to a viscous polymer film that prevented the evaluation of the step height at a
scratch in the sample. Consequently, we provide for this single case a lower estimate
of the thermal conductivity based on the dry polymer layer thickness of ~900 nm.The
humidity dependent specific heat capacity was determined by MDSC measurements.
The density of the dry samples was measured with a helium pycnometer. The density
of the samples with absorbed water was calculated from the moisture content, and
the bulk densities of water and the polymers. Dividing the total layer resistance by
the sample thickness leads to the effective thermal conductivity. All relevant data

are shown in Table 9.2.
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Tab. 9.2: Summary of the data used for the determination of the effective thermal conduc-
tivity.

Sample  Relative Total layer SD Thick- SD Effective SD

humidity resistance ness thermal
(%] [mm?K /W] [nm] conductivity
[W/mK]

PMMA 0 9.44 0.28 1.540 0.071 0.163 0.005
PMMA 45 10.41 0.11 1.569 0.011 0.151 0.002
PMMA 77 9.94 0.17 1.569 0.024 0.158 0.003
PMMA 92 9.26 0.25 1.570 0.016 0.170 0.004
PAA 0 3.74 0.18 1.182 0.010 0.309 0.004
PAA 45 4.10 0.06 1.258 0.052 0.307 0.005
PAA 77 4.26 0.25 1.270 0.005 0.299 0.017
PAA 92 4.56 0.42 1.511 0.197 0.334 0.032
PDha 0 7.10 0.19 1.697 0.017 0.239 0.006
PDha 45 6.28 0.20 1.680 0.022 0.299 0.011
PDha 77 5.96 0.29 1.724 0.025 0.290 0.014
PDha 92 6.20 0.33 1.723 0.020 0.279 0.016
PAGA 0 5.70 0.04 1.580 0.194 0.277 0.002
PAGA 45 5.77 0.22 1.688 0.108 0.293 0.011
PAGA 77 6.50 0.21 1.838 0.143 0.283 0.009
PAGA 92 3.31 0.42 1.100 0.016 0.336 0.046
PImAA 0 2.87 0.12 0.881 0.035 0.307 0.013
PImAA 45 2.57 0.08 0.891 0.024 0.349 0.011
PImAA 77 2.45 0.35 0.983 0.071 0.409 0.062
PImAA 92 2.25 0.33 > 0.900 - 0.407 0.061
PMelmAA 0 3.54 0.04 1.110 0.048 0.314 0.004
PMelmAA 45 3.64 0.28 1.132 0.170 0.312 0.023
PMelmAA 77 4.08 0.16 1.064 0.071 0.261 0.010
PMelmAA 92 2.47 0.35 1.200 0.096 0.492 0.098
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Fig. 9.6: The frequency-dependent phase shift of (a) the dry PImAA sample and (b) the
PImAA sample at 77 % humidity. The red lines present the best fit. (c¢) Three
consecutive measurements of PAA at 77 % humidity. The data shows only slight
deviations between the measurements. Therefore, we conclude that the moisture
content of the sample is stable over the time of the measurements.

9.7.2 IR Spectroscopy of dry samples

PAA

In Figure 9.7 the IR spectrum of a dry PAA film in the region of the C=0 stretching
vibration is shown. We attributed the different peaks in the deconvoluted spectrum
to specific configurations of the C=0 bond, according to Dong et al.l). Therefore,
we could distinguish between the free, the dimeric, and two oligomeric forms of
the C=0 bond. The peak with the highest wavenumber of 1735 cm ™! is attributed
to the free monomer of the COOH group, whereas the peak at around 1700 cm™*
represents the cyclic dimer. The linear oligomeric forms of the terminal COOH
groups lie in between, at 1716 cm ™!, while the inner COOH appears at two peaks
with the lowest wavenumbers around 1674cm™'. The H-bond conformations are
illustrated in Figure 9.8. At least some anhydride groups have formed due to the
drying process, as indicated by the bands at 1806 cm™! and 1765cm ™.

Extending the assignment from Dong et al., we attributed different forms of H-bonds

in the other investigated polymers.
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Fig. 9.7: IR spectrum of PAA in the region of the C=0 band. The spectrum was deconvo-
luted for better interpretation. The bands were attributed to distinct configurations
of the C=0 bond, according to Ref.[*
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Fig. 9.8: Forms of hydrogen bonding in PAA.[*

PDha

Compared to PAA, an amino group is added to the repetition unit of PDha. There-
fore, more motifs to form H-bonds are available. Similar peaks for the PAA sample
could be detected (Figure 9.9). However, we found a slight shift to lower frequencies
of all peaks. While the shift is only a few wavenumbers for the free C=0 stretching
and the terminal Hbonds, the shift is 20cm~! and 50cm ™! for the cyclic dimers
and the inner H-bonds. The shift is an incidence of the increased strength of the
H-bonds.

Furthermore, new peaks arose at 1667 cm™!, 1634cm ™', and 1603 cm~'. The peak
at 1667 cm~! is ascribed to the H-bonds formed between the carbonyl and the amino
group. The peaks at1634cm™' and 1603cm™" belong to the NHy deformation
vibration and are, therefore, excluded from the evaluation of the C=0 stretching

vibration. We want to note that it is also possible that H-bonds between two
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amino groups are formed. The analysis of these H-bonds is not approachable by the

investigation of the carbonyl stretching vibration.
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Fig. 9.9: Deconvoluted IR spectrum of the dry PDha sample in the region of the C=0
stretching vibration.

PAGA

Due to the presence of two different carbonyl groups, the spectrum of PAGA
exhibits many peaks in the region between 1500 cm ™! and 1800 cm ™. Besides the

carboxylic acid group, also another carbonyl group is located in the amide bond.

As a consequence, we detect amide I and amide II vibrations. While the amide I
band derives from the C=0 stretching of the amide carbonyl group, the amide II
band consists of N-H bending and C-N stretching. Therefore, the amide IT band

is not relevant for the H-bond analysis, which is focused on the carbonyl bands.

Stretching vibrations of free carbonyl groups from the carboxylic acid appear at
1735cm™!. The peak at 1675cm™! is attributed to the carboxylic acid dimer, as
this is a wavenumber comparable to the other samples. The band at 1650 cm™! is
ascribed to the inner H-bonds of the COOH group. Additional H-bonds to the single
OH group could be a reason for the exceptional strength of this band. The two
bands at 1618 cm™! and 1598 cm™! belong to different conformations of H-bonds

but are not easily distinguishable.
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Fig. 9.10: Deconvoluted IR spectrum of the dry PAGA sample in the region of the C=0
stretching vibration.

PImAA

In the literature, it has been described that mixing PAA with poly(vinyl imidazole)
(PVI) leads to a decrease of the carbonyl band of the PAA at 1716 cm™! and to a
new peak at 1547 cm™!. The new peak is explained by the exchange of the proton
from the carboxylic acid group to the imidazole group. Hence, the new peak is

ascribed to the asymmetric stretching vibration of COO-.05)

In comparison, the PImAA film shows a strong carbonyl stretching peak at 1625
cm-1. The peak 1578 cm™! is ascribed to the C=C and C=N stretching in the
aromatic ring. We do not attribute any of those peaks to the asymmetric stretching
vibration of COO-, because of the high wavenumber of the first and the missing of the
symmetric stretching vibration around 1330 cm™!. Nevertheless, the low frequency
of the C=0 peak is an incident for a strong interaction between the carboxylic acid
and the imidazole groups. This band, in turn, is relatively broad, which indicates
a variety of interactions with different coordinations and bond strengths. The two
peaks with the highest wavenumbers at 1770cm ™" and 1732cm ™! are ascribed to
anhydride bonds and free carbonyl groups, respectively. Both show a very weak
intensity and are almost overlooked. Accordingly, most of the carbonyl groups
participate in H-bond interactions. We distinguish the Hbonds in two categories:
H-bonds between acid groups like in PAA (1680cm™!, 1664cm™!, and 1647 cm™1)
and H-bonds between the carboxylic acid and an imidazole group (“other H-bonds”,
1625 cm ™! and 1606 cm™1).
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Fig. 9.11: Deconvoluted IR spectrum of the dry PImAA sample in the region of the C=0
stretching vibration.

PMelmAA

In comparison to PImAA, PMelmAA has a methyl group attached to the imidazole
ring, leading to a positive charge. Consequently, there is no free electron pair
available at the nitrogen. The C=0 band is again composed of different parts. At
1770 cm ™! a relatively strong anhydride band is detected, whereas the vibration
of free carbonyl at 1733cm™! is only marginal. Also, the H-bonds between the
carboxylic acid groups decreased in intensity. The very narrow peak at 1629 cm™!
is ascribed to the interactions between carbonyl and imidazole ring. The narrow
width of the peak indicates a relative uniform strength and conformation of the
interactions. The bands at 1579 cm™! and 1515cm ™! are ascribed to the C=C and

C=N stretching in the aromatic ring.
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Fig. 9.12: Deconvoluted IR spectrum of the dry PMelmAA sample in the region of the
C=0 stretching vibration.

9.7.3 Humidity dependent IR spectra

Figure S8 shows the humidity dependent IR analysis for PDha and PAGA analogous

to the presentation in Figure 9.4 in the main manuscript.

PDha shows a comparable behavior to PAA. The difference IR spectra show negative
and positive contributions in the same wavenumber regions. However, the effects
are less pronounced. This indicates a similar mechanism of water absorption in PAA
and PDha.

PAGA shows moderate water uptake for RH 40% and RH 77%. At RH 92 %,
the moisture content strongly increases. This behavior is also observed in the IR
spectrum, with a drastic increase of the OH stretching vibration at 3500 cm-1. The
difference spectra in the carbonyl region show small deviations. The spectra for
RH 40 % and RH 77 % show a slight decrease in H-bonds, whereas a small positive
contribution is observed for the RH 92 % sample. The newly formed interactions

probably also lead to a slight increase in thermal conductivity at RH 92 %.
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Fig. 9.13: (a) PDha, and (b) PAGA. From left to right: IR-spectra of samples with various
humidity exposure. Difference spectra in the region of the carbonyl stretching
vibration. The relative peak area of different H-bond structures dependent on
the relative humidity.

9.7.4 DSC measurements

Besides the MDSC measurements, to determine the ¢, of all samples, we performed
DSC measurements of the dry samples in the range between —40°C and 140°C.

Figure 9.14 shows direct DSC measurements with a heat rate of 10 K/ min.
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Fig. 9.14: DSC measurements of dry polymer samples. The experiments were performed in
the range from —40°C to 140 °C with a heating rate of 10 K/ min under nitrogen
atmosphere.
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9.7.5 Polymer/water effective medium model (EMT)

The following equations were used to calculate the values for the parallel mixing

model and the effective medium model, according to Carson et al.l%l

Parallel mixing model:

Eparatiel = (1 — 22)k1 + x2ks (9.1)

Effective medium model:

kEMT =%((3x2 — 1)k2 + [3(1 — .1'2) — 1]k1 (9‘2)

+ /(322 — 1)k + (3(1 — ) — Dka]? + 8k1ko)

With z12 and k12, the volume ratio, and the thermal conductivity of components 1

and 2, respectively.

9.7.6 Transducer layer

PMMA  PAA

500um

PAGAl Cii iy

Fig. 9.15: Optical microscopy of the surface of the Au transducer layer after measuring at
humid conditions. Dark speckles and cracks indicate imperfections in the Au
transducer layer, which facilitates equilibration to environmental conditions.
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10.1 Abstract

Controlling thermomechanical anisotropy is important for emerging heat management
applications such as thermal interface and electronic packaging materials. Whereas
many studies report on thermal transport in anisotropic nanocomposite materials,
a fundamental understanding of the interplay between mechanical and thermal
properties is missing, due to the lack of measurements of direction-dependent
mechanical properties. In this work, exceptionally coherent and transparent hybrid
Bragg stacks made of strictly alternating mica-type nanosheets (synthetic hectorite)
and polymer layers (polyvinylpyrrolidone) were fabricated at large scale. Distinct
from ordinary nanocomposites, these stacks display long-range periodicity, which is
tunable down to angstrom precision. A large thermal transport anisotropy (up to
38) is consequently observed, with the high in-plane thermal conductivity (up to
5.7 W /mK) exhibiting an effective medium behavior. The unique hybrid material
combined with advanced characterization techniques allows correlating the full elastic
tensors to the direction-dependent thermal conductivities. We, therefore, provide a
first analysis on how the direction-dependent Young’s and shear moduli influence
the flow of heat.

10.2 Introduction

Heat management is crucial in many applications important for fueling the growth of
our technology-driven society. It needs to address not only very small length scales
to dissipate the heat produced, for example, by electronic circuits, but also very
large length scales to realize air conditioning, for instance, for commercial buildings.
The ubiquity of heat makes it obvious that heat management is a key-technology
to realize international long-term goals regarding global warming. Controlling
the elusive flow of heat is a complex challenge across multiple materials, length
scales, and ultimately devices. This results in stringent requirements for directional
control over the heat flux based on advanced material design. Whereas heat transport
represents an effective, far-field phenomenon, it is decisively governed by the material
structure B and chemistry®® on the microscale. Extreme phenomena of both
heat dissipation and thermal insulation have been demonstrated in nanostructured
and hybrid materials. For heat dissipation, surprisingly high thermal conductivities
have been reported for one-dimensional (1D) fibers comprising syntheticl® and
natural polymers.["8 For thermal insulation, unusually low thermal conductivities
have been shown for (disordered) stacks of two-dimensional (2D) materials.-[10]
Extremely efficient anisotropic thermal insulation materials have been demonstrated

with various mixtures of polymers and nanoparticles or 2D materials.[1H-13]
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The combination of inherently different materials, such as soft and hard matter,
is attractive, as new properties, deviating from those based on the simple linear
interpolation, could emerge. This is often accompanied by improved processability,
which is aided by the complementary properties of the constituent components. For
instance, the soft component can serve as a binder to enable fabrication of large-area,
thin films of an otherwise brittle, hard component. On the contrary, the expected
effective material properties, such as mechanical reinforcement, optical transparency,
and electrical or thermal conductivity, have been often found inferior to the high
expectations. The reason for such shortcomings is that the nanocomposite structure,
particularly the soft-hard interface, is poorly controlled. Furthermore, although
many characterization techniques, such as tensile testing, indentation, and abrasion
tests, are capable of assessing engineering properties, they are unsuitable for directly
identifying and quantifying anisotropies or microscopic contributions to the effective

properties.

Nevertheless, hybrid systems have been reported to drastically alter the materi-
als’ thermal transport properties, 3] depending on the geometry, dimensionality,
crystallographic symmetry, and confinement. Interestingly, layered structures inher-
ently exhibit structural anisotropy, a feature that can be detrimental or desirable
depending on the application.'¥ In particular, when polymer films are filled with
nanosheets of huge aspect ratio, the resulting nanocomposite properties ought to
be exceedingly anisotropic. Yet, only effective material properties such as electri-
cal or thermal conductivity have been reported in a direction-dependent manner.
Direction-dependent mechanical properties, which fundamentally translate into ther-
mal transport properties are still missing. Strong anisotropies in hybrid materials are

(10]

preferentially achieved at small stacking periodicities!"”! or by combining components

with a large property contrast.[%

For a thorough characterization of such nanosheet/polymer stacks (also known

as “nacre-mimics”[*6/-[19])

, macroscopically oriented and homogeneous systems are
paramount. Such ideal model system should also exhibit translational crystallo-
graphic symmetry, tunability, and strong anisotropy. Direction-dependent studies
benefit significantly from the availability of various light scattering methods, ren-
dering a transparent filler such as the synthetic clay hectorite with a mica-type
structure desirable. For fundamental investigations of elastic properties, Brillouin
light spectroscopy (BLS) has established itself as a technique of choice, as it allows for
microscopic observations of high frequency (GHz) dynamics, at which viscoelasticity

201,211 On the other hand, lock-in thermography and

effects are usually negligible.
photoacoustic techniques have been proven reliable in accessing the in-plane and
cross-plane thermal conductivities of thin films.22h23] Here, we show for the first time
the complete mechanical properties of clay/polymer Bragg stacks that are fabricated

using a uniquely defined, scalable spray-coating process meeting all aforementioned
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specifications of a suitable model system. We, therefore, introduce 1D hybrid Bragg
stacks based on nacremimetic clay/polymer with small stacking periods and large
property contrast. These Bragg stacks are scalable in both lateral extension and
thickness, and they are macroscopically oriented. The fully controlled microstruc-
ture allows a detailed orientation dependent characterization of the thermal and
mechanical properties. We couple the thermal and mechanical analyses to achieve
an in-depth understanding of the interplay between the thermal conductivities and
mechanical moduli in a directiondependent manner. The extreme confinement of
polymer between the clay sheets further prompts a question regarding the validity
of continuum mechanics that we also address. The combination of unique hybrid
materials and advanced characterization techniques provides an unprecedented in-
sight into the physics of direction-dependent nanomechanical and thermal transport

properties in strongly anisotropic materials with polymer confinement.

10.3 Results and Discussion

10.3.1 Hybrid Bragg stacks with extreme polymer
confinement

The Bragg stacks comprise synthetic clay sodium fluorohectorite (Hec,
[Nag.5] [Mgg 5 Lig.5]°[Sis]** O10F2) and polyvinylpyrrolidone (PVP,
My, = 40000 g/mol). Like layered titanates4 and antimony phosphates,25 Hec be-
longs to a handful of compounds showing a rare phenomenon of osmotic swelling. 26!

27]

In contrast to mechanical exfoliation by e.g. sonication in the liquid phase, 27l osmotic

swelling is a thermodynamically favored, repulsive process, 28]

allowing for complete
and gentle delamination that preserves the diameter of the parent crystals. In gen-
eral, exfoliation describes the process of slicing tactoids into thinner stacks, whereas
by delamination, the layered material is exfoliated to the level of individual single
nanosheets.[2?) For Hec, nanosheets with a thickness of 10 A and a median diameter
of 20 pm (Figure 10.5) are obtained by simply immersing the material into deionized
water.3% Phase purity and a homogeneous charge density guaranteeing a uniform
intracrystalline reactivity are prerequisite for such a well-controlled delamination.
For Hec this is achieved by long-term annealing, while less uniform natural or other
synthetic clays commonly applied for nacre-mimics comprise mixtures of auxiliary
minerals, mono-, few- and multilayer stacks.3% Because of the large aspect (diameter
to thickness) ratio, polar rotation of the nanosheets in suspension is hindered, leading
to parallel nanosheets after osmotic swelling. Even dilute (<1 vol%) suspensions of

31 The parallel pre-orientation of adjacent nanosheets

Hec represent nematic phases.
in the highly swollen dispersion is indispensable for the fabrication of homogenous

and periodic Bragg stacks via spray coating. Similar to titanate nanosheets, 2! Hec
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nanosheets adopt this cofacial arrangement due to strong electrostatic repulsion
with inter-nanosheet distances exceeding 50 nm. Polymers can easily diffuse into
these spacious galleries. By mixing Hec suspensions with varying aliquots of an
aqueous PVP solution, we obtained perfectly homogeneous, nematic dispersions, as

evidenced by small-angle X-ray scattering (SAXS) measurements (Figure 10.6).
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Fig. 10.1: Schematic and microscopic images of ultra-anisotropic and extremely confined
Hec/PVP Bragg stacks. (A) Space-filling model of one single Hec nanosheet
emphasizing the anisotropy of the nanosheet and the corrugation of the clay
nanosheet allowing for interdigitation with PVP. (B) True to scale schematic of
the pronounced structural anisotropy. The ultra-high-aspect-ratio nanosheets
stretch from left to right and have lateral dimensions much larger than the length
of the PVP polymer chains. The gallery height is on the order of magnitude of the
molecular dimensions. (C-D) XRD patterns of Hec31/PVP69 and Hec40/PVP60
(defect-free materials) showing intense 001-reflections and a rational series of
basal reflections up to the ninth order. The cross-sectional TEM images show

exceptionally periodic homogeneity of these hybrid films over large length scales.

(E) XRD patterns and cross-sectional TEM image of Hec51/PVP49 displaying a
random stacking of two gallery heights.

Through spray coating of dilute nematic mixtures of high-aspectratio Hec nanosheets
with PVP (1-2wt% total solid content, see Section 10.7.1) highly coherent Bragg
stack films with tunable gallery spacings are fabricated.!33] The transverse flexibility
of clay monolayersi®¥ and their large aspect ratio are essentials assuring the high

degree of precision obtained in the self-assembly.3?] Both, all nanosheets and the

macroscopic film are aligned parallel to a polyethylene terephthalate substrate.

The microscopic orientation of the Hec nanosheets prescribes the macroscopic

film orientation, which is prerequisite for the direction-dependent measurements.

The macroscopic film orientation is, consequently, equivalent to the microscopic
polymer/clay direction and allows using far-field and integrating characterization

techniques to reveal direction-dependent properties. After drying, self supporting
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hybrid films with lateral extensions of several square centimeters are peeled off the
substrate and used in the BLS and thermal conductivity measurements. Only by
generating a nematic phase consisting of a homogeneous mixture of large aspect ratio
and flexible nanosheets allows for fabrication of large area, self-standing 1D single
crystals referred to in literature as Bragg-stacks or smectic films.?® Furthermore,
appropriate processing like spray coating fostering the thermodynamic equilibration

of the hybrid structure during drying has to be employed.

In total, we prepared six samples: pure polymer, pure Hec, and four hybrid
Bragg stacks, which are denoted as HecO/PVP100, Hec100/PVP0, Hec23/PVPT77,
Hec31/PVP69, Hecd0/PVP60, and Hec51/PVP49, respectively. Here, the numbers
indicate the volume fractions (vol%) of Hec and PVP, as confirmed by thermogravi-
metric analysis (Table 10.1 and Figure 10.7).

The Hec surface is corrugated (Figure 10.1A) allowing for interdigitation and an-
choring of PVP chains. Such interdigitation has been documented for intercalated
molecular moieties, where structures based on single crystal data refinement are
available.30.371 An in-scale impression of the ultra-high aspect ratio provided by
the Hec nanosheet gallery is shown in Figure 10.1B, where the length of the line
corresponds to the typical lateral size of a clay nanosheet, and the thickness of the
line to the height of a Hec/PVP/Hec layer. The magnifying lens highlights the
extreme polymer confinement in the cross-plane direction. The perfect homogeneous
arrangement of Hec nanosheets and PVP is demonstrated by TEM and SEM images
over different dimensions (Figure 10.1C-E, Figure 10.11). Note that the lateral
dimensions of the Hec nanosheets are much larger than the typical persistence and
even contour lengths of the PVP chains. While for the polymer chains the Hec
nanosheet confinement appears infinite, at the length scale of the Bragg-stack films
extending over tens of centimeters, they are of course finite. At the magnification
where single 1 nm thick nanosheets are observable (Figure 10.1C-E, Figure 10.9), the
occurrence of nanosheet edges is very rare (fewer than one per 2500 nm?). Careful
inspection, however, reveals few (Figure 10.10) of these nanosheet edges. The clay
nanosheets show in-plane crystalline order resembling the structure of mica. While
mica possesses 3D crystalline order, our nanocomposite films belong to the trans-
versely isotropic symmetry class, because the adjacent Hec nanosheets are positioned
randomly in the lateral direction. However, all hybrid films show translational
crystallographic symmetry along 001 (the cross-plane direction), as indicated by
several orders of Bragg reflections (Figure 10.1C-E and Figure 10.9). By varying the
PVP content, the basal spacing was tuned in the range from 19 to 38 A, leading to
PVP layer thicknesses ranging from 9 to 28 A. For all samples, the gallery height is,
therefore, significantly smaller than the PVP chains’ radius of gyration (Ry, PVP

38] )

~15nml3®!), implying strong polymer confinement.
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Fig. 10.2: Direction-dependent thermal conductivities of Hec/PVP hybrid Bragg stacks.

(A) Film density, (B) specific heat, and effective (C) in-plane and (D) cross plane
thermal conductivities, as a function of the Hec volume fraction. The red, green,
and blue dashed lines in (A)-(D) show linear trends based on a simple mixing
model, A(z) = (1 —x)A(0%) + 2A(100%), where A represents p, Cy, kj, or k.,
and z denotes the Hec volume fraction. (E) Ratio of the in-plane to cross-plane
thermal conductivities vs. the Hec volume fraction. For clarity, error bars smaller
than the symbol size are not shown.

In contrast to known nanocomposite films,!7:B9 Hec and PVP are thermodynami-
cally miscible over a wide range of compositions. This miscibility is a prerequisite
for tuning the basal spacing over a wide range with angstrom precision, which typi-
cally is only observed when vapour-phase deposition techniques are applied.l®’ The
miscibility is also reflected in an agreement of the basal spacing observed by X-ray
diffraction (dxgrp) with the nominal values calculated based on the Hec and PVP
volume fractions (dpominal, Table 10.1). To the best of our knowledge, our Hec/PVP
Bragg stack films are the first of its kind showing such an agreement. Because the
polymer confinement, however, is getting to the point where the gallery height is on
the order of the size of an individual polymer chain, it is not possible to vary the
gallery height continuously but only in incremental steps that relate to the diameter
of the polymer chain. Consequently, only discrete polymer volume fractions lead to
essentially defect-free Bragg stacks, as seen in Hec4d0/PVP60 and Hec31/PVP69.
XRD patterns reflect this with a rational 001-series, where the average basal spacing
(dxrp) calculated from individual reflections shows a low coefficient of variation
with the reflection peaks being sharp and intense (Table 10.1). The two gallery
heights of the two defect free hybrid materials (1.3 nm for Hec40/PVP60 and 2.0 nm
for Hec31/PVP69) might be attributed to the elliptical nature of PVP chains with
principle axes of 1.0nm and 1.3nm (Figure 10.8A). The observed gallery heights
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correspond to a monolayer with the longer principal axis (Figure 10.8B) oriented
perpendicular to the Hec nanosheets and a bilayer with the longer principle axis

(Figure 10.8C) lying in the plan of the Hec nanosheets, respectively.

In the two cases where the volume ratios do not happen to match (Hec23/PVP77
and Hecb51/PVP49), the miscibility is nevertheless assured at small length scale
by random interstratification of two gallery heights (Figure 10.1E; transmission
electron microscopy (TEM) close-up), and the coefficient of variation of the 001-series
increases! (Table 10.1) with the reflection peaks being less intense (Figure 10.1E
and Figure 10.9).

10.3.2 In-plane and cross-plane thermal conductivities

The in-plane and cross-plane thermal conductivities of the Hec/PVP hybrid Bragg
stacks were characterized by lock-in thermography and photoacoustic measure-
ments, 222341 respectively. Since the density, p, and specific heat, Cy,, are prerequi-
sites for the thermal conductivity analysis, they were also determined experimentally
by using helium pycnometry and differential scanning calorimetry (DSC) (Sec-
tion 10.7.4), respectively. As the Hec volume fraction increases from 0 to 100%, the
density increases from 1190 to 2730 kg/m? (Figure 10.2A). This is well captured by
a volume fraction-based mixing model (dashed line in Figure 10.2A). Correspond-
ingly, the specific heat decreases from 1140 to 890 J/kgK (Figure 10.2B), which
also follows the prediction by an effective medium model (Figure 10.12B). Both
analyses indicate that despite the extreme polymer confinement the properties of
the hybrid stacks could be described by linearly interpolating the properties of
the two bulk constituents. The polymer confinement, however, leads to a signifi-
cant increase in the glass transition temperature (7,) of PVP, with no discernable
Ty below 250°C even at the lowest Hec composition (Figure 10.12A). Expectedly,
the thermal conductivity of the Bragg stacks strongly depends on the direction.
The in-plane thermal conductivity achieves its maximum, k| nax = 5.71 W/mK,
in Hec100/PVPO0, which is even higher than typical in-plane thermal conductiv-
ities of natural micas (Figure 10.4A).1?l The lower end is given by the isotropic
thermal conductivity of HecO/PVP100, i.e., k|| yin = 0.17W/mK (only determined
by photoacoustic characterization). The four hybrid Bragg stacks have in-plane
thermal conductivities between these limiting values following a parallel mixing
model (Figure 10.2 C).1*3] This is again surprising, as it implies that the confinement
of PVP has no effect on the in-plane thermal conductivity of the Hec/PVP hybrid
stacks compared to bulk PVP. The cross-plane thermal conductivity exhibits a broad
minimum at k; =~ 0.09 W/mK, which is comparable to previously reported data for

[10]

organoclay laminates.l"”! The deviation of the cross-plane thermal conductivities

from an effective medium behavior (Figure 10.2D, dashed line) could be attributed
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to the Hec/PVP interfaces, which are the dominating contributors to the cross-
plane thermal resistance, as discussed below. The thermal conductivity anisotropy,
ki /k., depends strongly on the hybrid composition, attaining a maximum of 38 in
Hec51/PVP49 (Figure 10.2E). We note that this anisotropy is exceptionally high
for electrically insulating hybrid materials/*¥ and outperforms natural nacre by a
factor of ~ 20.14%! All in all, the structural perfection of the pure components and
hybrid Bragg stacks translate into a record-high in-plane thermal conductivity and

thermal transport anisotropy.

10.3.3 Anisotropic mechanical properties

The unique macroscopic orientation in the hybrid Bragg stacks allows us to track
down the origin of their high thermal conductivity anisotropy by measuring their
full mechanical tensors. The measurements were conducted by using BLS, which
probes the phonon wave vector, ¢, dependent sound velocity, v, through inelastic
light scattering by thermally excited, high frequency (GHz) phonons.?%:21] Since
the hybrid Bragg stacks are transversely isotropic, only ¢ vectors in a single plane
containing the symmetry axis have to be considered. For such a ¢ vector, the
direction can be denoted by «, the angle between ¢ and the normal to the sample
film, and because of symmetry « can be restricted in the range from 0° to 90°. The
measurements corresponding to o = 0°, 0° < a < 90° and o = 90° were conducted in
the reflection, backscattering, and transmission scattering geometries, respectively,
while the polarization of the phonon mode was selected using different incident and
scattered light polarization configurations (e.g., VV for quasi-longitudinal (Q-L) and
quasi-transverse (Q-T) modes, and VH for a pure-transverse (P-T) mode).[*0l This
flexibility of accessible parameters makes BLS particularly suitable for characterizing
anisotropic or crystalline structures, as demonstrated in previous experiments on

[47) Since this work is the first one to apply the BLS technique to a

mica crystals.
hybrid Bragg stack material, we briefly outline the BLS measurement and data

analysis.

Consider Hec31/PVP69 as an example. A typical BLS spectrum from the reflection
geometry (inset to Figure 10.18A) displays a cross-plane longitudinal (L] ) mode in
the VV polarization configuration (Figure 10.18B). A typical BLS spectrum from
the backscattering geometry (Figure 10.3A, top-right inset) depicts a Q-L and a Q-T
mode in the VV polarization configuration (Figure 10.2A) and a weak P-T mode
in the VH polarization configuration (Figure 10.3A, top-left inset). Comparatively
richer information exists in a typical BLS spectrum from the transmission geometry
(Figure 10.3B, top-right inset). In the VV polarization configuration, the BLS
spectrum features an in-plane longitudinal (L) and a Q-L mode at a small laser
incident angle, 8, and an additional Q-T mode at a large 8 (Figure 10.3B). In the
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VH polarization configuration, a weak P-T mode at all g (Figure 10.3B, top-left
inset) is clearly resolved. In the transmission BLS spectra, the intensity ratio of
the Q-L and Q-T peaks yields additional information (Figure 10.19B) and the Q-T
mode intensity increases noticeably at higher Hec contents. By comparing the
backscattering and transmission spectra, it becomes clear that the appearance of
the Q-L and Q-T peaks in the latter (Figure 10.3B) results from the scattering of

the laser beam internally reflected on the sample’s backside. 48]

Based on the frequency shift, f, from the BLS spectrum and the phonon wave vector,
q, from the momentum conservation analysis, we calculated the sound velocity along
a certain q as v = 27/ /jq|. Whereas the reflection measurements give the v,y, at o = 0°
and the transmission measurements result in the v,y, and v_;. at a = 90°, the
backscattering measurements provide sound velocities for all the Q-L, Q-T, and P-T
modes at intermediate « angles, as limited by the sample’s refractive index. These
direction-dependent sound velocities are reported in Figure 10.3C for Hec31/PVP69;
additional data for the other samples are shown in Figure 10.20A-D. Since sound
velocities are intimately related to the elastic stiffness tensor in the framework of the
Christoffel equation,*90 the availability of the former together with the measured
sample densities (Figure 10.2A and Table 10.4) enables unique determination of the
latter. For a transversely isotropic material, the elastic stiffness tensor contains five
independent elastic constants (e.g., C11, C12, Ci3, Cs3, and Cyy).212 Through 2
fitting,[3) we obtained the elastic stiffness constants (Figure 10.20E and Table 10.4),
which allow theoretical representation of the direction-dependent sound velocities
(solid lines in Figure 10.3C and Figure 10.20A-D) as well as determination of the
engineering mechanical properties (Figure 10.3D and Table 10.5). In addition, we
analyzed the error bars (standard deviations) of the quantities according to principles

of uncertainty propagation (Section 10.7.11).

This analysis provides the first direction-dependent insights into the mechanical
properties of hybrid Bragg stacks in general and of clay/polymer nanocomposites
in particular. The Young’s moduli, E; and E, , and torsional shear modulus, G2,
all increase with increasing Hec volume fraction. The sliding shear modulus, G13,
however, decreases from 2.6 GPa in HecO/PVP100 to 1.0 GPa in Hec100/PVP0. A
reduction in polymer chain entanglement upon confinement could be the cause of the
decrease in G13.1°% Since the elastic moduli of polymer nanocomposites depend on
the specific filler-polymer and polymer-polymer interactions, a rationalization of the
increase (E, E1, G12) or decrease (for (G13) with Hec content would require computer
simulations.[® All the mechanical moduli of the Bragg stacks display an effective
medium behavior, assuming values between those of the two bulk components. We
point out that even though the PVP chains are strongly confined between the
adjacent Hec nanosheets (note Ry pyvp > 5(dxrD — dHec)), bulk properties (e.g.,
PPVP, PHec) are sufficient to fully capture the BLS measurements. As expected
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Fig. 10.3: BLS measurements and strong mechanical anisotropy of Hec/PVP hybrid Bragg
stacks. (A-B) Polarized BLS spectra (anti-Stokes side) of the Hec31/PVP69
hybrid stack film recorded in (A) the backscattering geometry with ¢ forming a
variable angle, o, with the normal to the sample film (top-right inset to (A)) and
(B) the transmission geometry with the phonon wave vector, ¢, directed in-plane
(o = 90°; top-right inset to (B)). k; and ks are the wave vectors of the incident
and scattered light beams, respectively. 3 is the incident angle of the laser beam.
The quasi-longitudinal (Q-L), quasi-transverse (Q-T), and in-plane longitudinal
(Lj) phonon modes are indicated in (A) and (B). The much weaker depolarized
VH spectra of the pure transverse modes are shown in the top-left insets. Notice
the correspondence between the Q-L and Q-T modes in (A) and those in (B).
(C) Direction-dependent sound velocities of the observed acoustic phonons in
the BLS spectra of Hec31/PVP69. The three solid lines indicate theoretical
representations (Equations (10.6)-(10.8)) of the experimental sound velocities of
the three modes. (D) Composition dependence of four engineering moduli. The
moduli of the anisotropic hybrid films are extrapolated to those of the pure PVP
and pure Hec films, as shown by the dashed lines. The four schematics beside
(D) visualize the physical meanings of the corresponding moduli.
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from the structural anisotropy, the Young’s moduli exhibit large differences between
the in-plane and cross-plane directions (Figure 10.3D). As the Hec volume fraction
increases from 0 to 100 %, the mechanical anisotropy ratio, E;/E_, increases from
1 to 7. Concomitantly, the two characteristic Poisson’s ratios, 123 and 194, vary in
ranges of 0.02-0.05 (nearly zero or cork-like values) and 0.34-0.41 (typical polymer
values), respectively (Table 10.5). The reasonable values of the mechanical properties
corroborate the validity of continuum mechanics at length scales of a few nanometers

and in the presence of extreme polymer confinement.

In the last section, we summarize the new insights onto the anisotropic thermoe-
lasticity that can be gained from this wholistic analysis. We firstly exploit the
directly measured direction-dependent sound velocities, and secondly correlate the
derived mechanical moduli to the direction-dependent thermal conductivities. We
first apply a kinetic theory model, k = C’VDg]X /3 to estimate the average phonon
mean free path A; along different directions in the Bragg stacks.®>) We use C\, = Cp
and vg = 5| = (I/Q_L,” + v, + I/P_T,”) /3; a similar analysis is done for k. The
in-plane A; strongly depends on the hybrid composition, ranging from 14 A for
Hec100/PVPO to 2 A for Hec0/PVP100 (Figure 10.4A). We note that these A values
significantly underestimate the presence of longer ranged phonons, which are typi-
cally better described by a phonon mean free path accumulation function.®5h56] Tt is
well known that thermal transport involves phonons over a wide range of frequencies
which have different specific heat capacities, group velocities, and mean free paths.
The underestimated A; in our analysis could be attributed to the overestimated Vg
from the BLS measurements, which mainly characterizes the propagation speed of a
small fraction of the low frequency (long wavelength) phonons. These low frequency
phonons carry only a negligible fraction of the overall heat. For the in-plane direction,
the lateral size of the Hec nanosheets by far exceeds the average phonon mean free
path. Hence, the high in-plane thermal conductivities are governed by the intrinsic
material properties, not by the presence of grain boundaries between the aligned Hec
nanosheets. The complementary analysis for k| demonstrates a strong reduction of
A; down to less than 1 A (Figurel0.4B) with no discernible composition dependence
along the cross-plane direction. Interfacial effects apparently dominate the thermal
transport in this direction, which is better analyzed using a series resistance model
(SRM, Figure 10.4C and F) as outlined by Losego et al.l'% The fitted value of the
interfacial conductance, Gec/pyvp = 89 & 8 MW /m?K (see Section 10.7.10), falls
well into the range of reported values for other inorganic/organic interfaces. 457
The intercalation of PVP between the clay sheets leads to a strong reduction of
the interfacial conductance, which is Gec/Hee = 291 =28 MW/ m?K for the pure

hectorite.

We next address the correlation between the anisotropic mechanical moduli and

thermal conductivities. Two distinct conclusions can be drawn.
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(i) In the direction parallel to the Hec nanosheets, a correlation between the
thermal conductivity and all mechanical moduli is found. Along this direction
the phonon mean free path is considerably shorter than the typical lateral
size of a Hec nanosheet, rendering grain boundary effects insignificant. The
influence of EH, E |, and G153 on the thermal transport dominates over (13 since
the former moduli show a direct relation to the in-plane thermal conductivity.
E) and G12 show a power scaling law close to one (0.93) between in-plane
thermal conductivity and modulus (£ scales with 0.38). Whereas we find a
clear correlation between the moduli and the thermalconductivity, we cannot
deduce which change in mechanical modulus causes which effect to the thermal
transport. The applicability of a simple mixing model along the parallel
direction as outlined in Figure 10.2 A-C is certainly surprising in view of the

strong polymer confinement effect on the glass transition (Figure 10.12).

(ii) In the direction perpendicular to the Hec nanosheets, the phonon mean
free path is comparable to the periodicity of the Bragg stacks. Here, the
composition dependence of the mechanical properties does not influence the
reduction of the cross-plane thermal conductivity (vertical spread of the data
points in Figure 10.4E). Thus, changes to the gallery height are insignificant,
which indicates the overwhelming contribution of the interfacial conductance.
Considering changes to the pure components we find that reducing the sliding
shear modulus G13 decreases the cross-plane thermal transport properties of
the polymer component. The reduction in k; of the hybrid stacks relative
to pure hectorite correlates to losses in F), E, and G2 that apparently

counteract the increase in G1s.

Overall, the mechanical and thermal properties are uncorrelated along the perpendic-

ular direction, and the thermal transport is governed by the Hec/PVP interfaces.
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Fig. 10.4: Analysis of anisotropic thermomechanical coupling in Hec/PVP hybrid Bragg

stacks. (A) Effective in-plane thermal conductivity, k||, vs. Cy7 /3. The yellow,
purple, cyan, blue, green, and red colored symbols represent the HecO/PVP100,
Hec23/PVP77, Hec31/PVP69, Hecd0/PVP60, Hec51/PVP49, and Hec100/PVPO
samples, respectively. The phlogopite data point is from our additional measure-
ments; muscovite and biotite data points are from reference.*?l (B) Effective
cross-plane thermal conductivity, k1, vs. Cy /3. In (A) and (B), the numbers
beside the data points indicate the average phonon mean free paths, A; (i.e.,
the slope of the gray lines). (C) Effective cross-plane thermal conductivity, &k ,
vs. the basal spacing of the Bragg stacks. The red solid line is a fit to the
experimental data based on the series resistance model (SRM) shown in (F).
As a comparison, the blue dashed line considers only the thermal resistances
of the Hec and PVP layers, and the red dotted line considers only the thermal
resistances of the Hec/PVP interfaces. (D) Normalized mechanical moduli vs.
normalized effective inplane thermal conductivity, k. The dashed line shows a
direct correlation between the two axes with a power of one. (E) Normalized
mechanical moduli vs.normalized effective cross-plane thermal conductivity, k] .
In (D) and (E), the following values of the pure PVP film, By = E; = 7.0GPa,
G13 = G2 = 2.6GPa, and k| =k, = 0.17W/mK, are used as references in
the normalization. (F) A schematic of the SRM used to analyze the Hec/PVP
interfacial thermal conductance.
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10.4 Conclusion

In conclusion, fully delaminated hectorite platelets can be processed into hybrid
Bragg stacks with unique properties, with the polymer polyvinylpyrrolidone being
the intercalated second component. Such long-range 1D ordered materials become
accessible by simply spray coating the desired nematic dispersions of adjusted
volume fractions, which at the same time controls the periodicity of the hybrid
stacks down to the angstrom level. The macroscopic lattice alignment enables the

determination of direction-dependent thermoelastic properties, which we assessed

by thermal transport characterization techniques and Brillouin light spectroscopy.

We found a record high anisotropy between the in-plane and cross-plane thermal
conductivities in clay/polymer hybrid materials. This is corroborated by the first
report of direction-dependent Young’s and shear moduli that are also strongly
anisotropic. The effective gallery spacing, density, specific heat, and in-plane
thermal conductivity were found to conform to composition-dependent simple mixing
models. Despite the nanometer-level lattice periodicity and angstrom-level polymer

confinement, the Christoffel-equation-based model, derived in the framework of

continuum mechanics, remains applicable for determining the anisotropic elasticity.

Of general relevance is the direction dependency of the way that the mechanical
moduli and thermal conductivities correlate. In the in-plane direction, where grain
boundaries are negligible relative to the phonon mean free path, Ej, £, and
(12 directly correlate with the in-plane thermal conductivity. In the cross-plane
direction, where the phonon mean free path is comparable to the lattice periodicity,
the thermal transport is governed by the clay/polymer interfaces. We are convinced
that a wholistic understanding of direction-dependent thermoelastic properties will
have a broad impact on important applications such as electronic packaging and
thermoelectrics. This contribution is only a first step towards this goal. More
work needs to be done for the deterministic - maybe even independent - design of
mechanical and thermal properties. Future studies should also address the role of
enthalpic interaction at the clay/polymer interface, interdigitation of the confined

polymer, size effects of the platelets, and other nanosheet materials.
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10.5 Experimental Section

10.5.1 Sample Preparation

The synthetic clay sodium fluorohectorite (Hec, [Nag 5] [Mgy 5 Lig 5] [Sig]* O10F2)
was delaminated by immersing it into Millipore water (0.5 wt%). The aqueous PVP
solution (1wt%) was added in the desired weight ratio. The suspension was mixed
for at least one day in an overhead shaker. The homogeneity of the suspension
was crosschecked by SAXS measurements. Self-supporting films were prepared
using a fully automatic spray coating system. Every spraying cycle is followed by a
drying cycle of 90s at a temperature of 55°C. We prepared pure PVP, pure Hec,
and four hybrid Hec/PVP films. The self supporting films were characterized by
thermogravimetric analysis, XRD, and TEM. Additional information about the

sample preparation can be found in Section 10.7.1.

10.5.2 In-plane thermal conductivity measurements

Lock-in thermography measures the temperature spreading across the free-standing
samples upon thermal excitation by a focused laser beam with a modulated intensity.
To prevent convective heat losses, the experiments are conducted in a vacuum
chamber. The amplitude and phase data are extracted from the radial temperature
distribution. The thermal diffusivity is then fitted by the slope method for thermally
thin films. With the density, determined by helium pycnometry, and the specific heat,
determined by differential scanning calorimetry (DSC), the thermal conductivity

can be calculated. More details are provided in Section 10.7.4.

10.5.3 Cross-plane thermal conductivity measurements

The photoacoustic method uses a modulated laser beam to periodically heat a
transducer layer in intimate contact with the sample. The heat is converted into an
acoustic wave propagating into a gas tight cell above the sample, which is filled with
helium at 20 psi. A sensitive microphone detects the phase shift between the acoustic
signal and the modulated laser by a lock-in amplifier. The frequency-dependent
phase shift is then compared to a multilayer model, assuming one-dimensional heat
transfer. Therefrom, the total layer resistance is obtained. With the film thickness
determined by AFM, the effective thermal conductivity is calculated. More details
are provided in Section 10.7.4.
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10.5.4 Brillouin light spectroscopy (BLS)

BLS measures the phonon dispersion, w(q), by detecting the Doppler frequency shift,
w, of the inelastically scattered light by sound waves (“phonons”) with a wave vector,
q. We recorded BLS spectra utilizing three scattering geometries (transmission,
reflection, and backscattering) and two polarization configurations of the incident
(A = 532nm) and scattered light (polarized VV, depolarized VH), which allowed
us to establish the nature of the observed phonons. We varied the incident angle
to obtain the direction dependent sound velocities necessary for the determination
of the anisotropic elasticity. The elastic stiffness tensors were obtained from the
representation of the direction-dependent sound velocities by the Christoffel equation
assuming transverse isotropy. The characteristic Young’s moduli, shear moduli, and
Poisson’s ratios of the Bragg stacks were subsequently calculated. More details can
be found in Section 10.7.9.

Acknowledgements

We thank Sabine Rosenfeldt for conducting SAXS measurements on the gel samples.
We also thank Marco Schwarzmann for preparing TEM samples and taking TEM
micrographs. The Volkswagen Foundation funded this project through a Lichtenberg
professorship. DFG RE 3550/2-1 provided additional support. Z. W., K. R.,
and G. F. acknowledge the financial support by ERC AdG SmartPhon (Grant
No. 694977).

10.6 References

[1] B. Graczykowski, A. E. Sachat, J. S. Reparaz, et al., ,Thermal conductiv-
ity and air-mediated losses in periodic porous silicon membranes at high

temperatures”, Nature Communications, vol. 8, no. 1, 2017.

[2] M. E. Siemens, Q. Li, R. Yang, et al., ,Quasi-ballistic thermal transport
from nanoscale interfaces observed using ultrafast coherent soft x-ray beams*,
Nature Materials, vol. 9, no. 1, pp. 26-30, 2009.

[3] J. A. Tomko, A. Pena-Francesch, H. Jung, et al., ,Tunable thermal transport
and reversible thermal conductivity switching in topologically networked
bio-inspired materials“, Nature Nanotechnology, vol. 13, no. 10, pp. 959-964,
2018.

10.6 References

209



210

[10]

[11]

[12]

[16]

M. D. Losego, M. E. Grady, N. R. Sottos, D. G. Cahill, and P. V. Braun,
nEffects of chemical bonding on heat transport across interfaces®, Nature
Materials, vol. 11, no. 6, pp. 502-506, 2012.

G.-H. Kim, D. Lee, A. Shanker, et al., ,,High thermal conductivity in amor-
phous polymer blends by engineered interchain interactions“, Nature Materi-
als, vol. 14, no. 3, pp. 295-300, 2014.

S. Shen, A. Henry, J. Tong, R. Zheng, and G. Chen, ,Polyethylene nanofibres
with very high thermal conductivities“, Nature Nanotechnology, vol. 5, no. 4,
pp- 251-255, 2010.

X. Huang, G. Liu, and X. Wang, ,New secrets of spider silk: Exceptionally high
thermal conductivity and its abnormal change under stretching®, Advanced
Materials, vol. 24, no. 11, pp. 1482-1486, 2012.

R. Fuente, A. Mendioroz, and A. Salazar, ,Revising the exceptionally high
thermal diffusivity of spider silk“, Materials Letters, vol. 114, pp. 1-3, 2014.

C. Chiritescu, D. G. Cahill, N. Nguyen, et al., ,,Ultralow thermal conductivity
in disordered, layered WSes crystals®, Science, vol. 315, no. 5810, pp. 351-353,
2007.

M. D. Losego, I. P. Blitz, R. A. Vaia, D. G. Cahill, and P. V. Braun, ,,Ultralow
thermal conductivity in organoclay nanolaminates synthesized via simple
self-assembly*, Nano Letters, vol. 13, no. 5, pp. 2215-2219, 2013.

B. Wicklein, A. Kocjan, G. Salazar-Alvarez, et al., ,,Thermally insulating
and fire-retardant lightweight anisotropic foams based on nanocellulose and

graphene oxide“, Nature Nanotechnology, vol. 10, no. 3, pp. 277-283, 2014.
T. Li, J. Song, X. Zhao, et al., ,,Anisotropic, lightweight, strong, and super

thermally insulating nanowood with naturally aligned nanocellulose®, Science
Advances, vol. 4, no. 3, eaar3724, 2018.

M. Chau, B. A. F. Kopera, V. R. Machado, et al., ,Reversible transition
between isotropic and anisotropic thermal transport in elastic polyurethane
foams*, Materials Horizons, vol. 4, no. 2, pp. 236-241, 2017.

J. Xiao, Q. Kuang, S. Yang, et al., ,Surface structure dependent electrocat-
alytic activity of cozos anchored on graphene sheets toward oxygen reduction

reaction®, Scientific Reports, vol. 3, no. 1, 2013.

N. Song, D. Jiao, S. Cui, et al., ,Highly anisotropic thermal conductivity of
layer-by-layer assembled nanofibrillated cellulose/graphene nanosheets hybrid
films for thermal management®, ACS Applied Materials & Interfaces, vol. 9,
no. 3, pp. 2924-2932, 2017.

A. Eckert, T. Rudolph, J. Guo, T. Mang, and A. Walther, ,Exceptionally
ductile and tough biomimetic artificial nacre with gas barrier function®,
Advanced Materials, vol. 30, no. 32, p. 1802477, 2018.

Chapter 10 Tunable Thermoelastic Anisotropy in Hybrid Bragg Stacks



[17]

[18]

[22]

[23]

[24]

[25]

T. Verho, M. Karesoja, P. Das, et al., ,Hydration and dynamic state of
nanoconfined polymer layers govern toughness in nacre-mimetic nanocom-
posites®, Advanced Materials, vol. 25, no. 36, pp. 5055-5059, 2013.

T. Szab6, M. Szekeres, 1. Dékany, et al., ,Layer-by-layer construction of
ultrathin hybrid films with proteins and clay minerals“, The Journal of
Physical Chemistry C, vol. 111, no. 34, pp. 12730-12 740, 2007.

Z. Tang, N. A. Kotov, S. Magonov, and B. Ozturk, ,,Nanostructured artificial
nacre“, Nature Materials, vol. 2, no. 6, pp. 413-418, 2003.

T. Still, High Frequency Acoustics in Colloid-Based Meso- and Nanostructures
by Spontaneous Brillouin Light Scattering. Springer Berlin Heidelberg, 2010.

E. Alonso-Redondo, M. Schmitt, Z. Urbach, et al., ,A new class of tunable
hypersonic phononic crystals based on polymer-tethered colloids®“, Nature

Communications, vol. 6, no. 1, 2015.

V. Singh, T. L. Bougher, A. Weathers, et al., ,High thermal conductivity
of chain-oriented amorphous polythiophene“, Nature Nanotechnology, vol. 9,
no. 5, pp. 384-390, 2014.

A. Mendioroz, R. Fuente-Dacal, E. Apinaniz, and A. Salazar, ,Thermal diffu-
sivity measurements of thin plates and filaments using lock-in thermography*“,
Review of Scientific Instruments, vol. 80, no. 7, p. 074904, 2009.

L. Wang and T. Sasaki, ,,Titanium oxide nanosheets: Graphene analogues
with versatile functionalities”, Chemical Reviews, vol. 114, no. 19, pp. 9455—
9486, 2014.

P. Davidson, C. Penisson, D. Constantin, and J.-C. P. Gabriel, ,Isotropic,
nematic, and lamellar phases in colloidal suspensions of nanosheets“, Proceed-
ings of the National Academy of Sciences, vol. 115, no. 26, pp. 6662—6667,
2018.

A. Lerf, ,Storylines in intercalation chemistry“, Dalton Trans., vol. 43, no. 27,

pp- 10276-10291, 2014.
V. Nicolosi, M. Chhowalla, M. G. Kanatzidis, M. S. Strano, and J. N. Cole-

man, ,Liquid exfoliation of layered materials®“, Science, vol. 340, no. 6139,
pp- 1226419-1226419, 2013.

M. Daab, N. J. Eichstaedt, A. Edenharter, S. Rosenfeldt, and J. Breu, ,Layer
charge robust delamination of organo-clays“, RSC Advances, vol. 8, no. 50,
pp- 28 797-28 803, 2018.

J. E. F. C. Gardolinski and G. Lagaly, ,,Grafted organic derivatives of kaolinite:
II. intercalation of primary n-alkylamines and delamination®, Clay Minerals,
vol. 40, no. 4, pp. 547-556, 2005.

10.6 References

211



212

[30]

[31]

[37]

[38]

M. Stéter, D. A. Kunz, M. Schmidt, et al., ,Nanoplatelets of sodium hectorite
showing aspect ratios of 20000 and superior purity“, Langmuir, vol. 29, no. 4,
pp- 1280-1285, 2013.

S. Rosenfeldt, M. Stoter, M. Schlenk, et al., ,In-depth insights into the key
steps of delamination of charged 2d nanomaterials®, Langmuir, vol. 32, no. 41,
pp. 10582-10 588, 2016.

K. Sano, Y. S. Kim, Y. Ishida, et al., ,Photonic water dynamically responsive

to external stimuli“, Nature Communications, vol. 7, no. 1, 2016.

H. Kalo, W. Milius, and J. Breu, ,Single crystal structure refinement of one-
and two-layer hydrates of sodium fluorohectorite”, RSC Advances, vol. 2,
no. 22, p. 8452, 2012.

D. A. Kunz, J. Erath, D. Kluge, et al., ,In-plane modulus of singular 2:1 clay
lamellae applying a simple wrinkling technique®, ACS Applied Materials €
Interfaces, vol. 5, no. 12, pp. 5851-5855, 2013.

M. Wong, R. Ishige, K. L. White, et al., ,Large-scale self-assembled zirco-
nium phosphate smectic layers via a simple spray-coating process“, Nature

Communications, vol. 5, no. 1, 2014.

W. Seidl and J. Breu, ,Single crystal structure refinement of tetramethyl
ammonium-hectorite®, Zeitschrift fiir Kristallographie - Crystalline Materials,

vol. 220, no. 2/3, 2005.

A. Baumgartner, K. Sattler, J. Thun, and J. Breu, ,,A route to microp-
orous materials through oxidative pillaring of micas®, Angewandte Chemie
International Edition, vol. 47, no. 9, pp. 1640-1644, 2008.

N. L. McFarlane, N. J. Wagner, E. W. Kaler, and M. L. Lynch, ,Poly(ethylene
oxide) (PEO) and poly(vinyl pyrolidone) (PVP) induce different changes in
the colloid stability of nanoparticles“, Langmuir, vol. 26, no. 17, pp. 13 823—
13830, 2010.

E. S. Tsurko, P. Feicht, F. Nehm, et al., ,Large scale self-assembly of smectic
nanocomposite films by doctor blading versus spray coating: Impact of crystal
quality on barrier properties“, Macromolecules, vol. 50, no. 11, pp. 4344-4350,
2017.

D. M. Moore and R. C. Reynolds, X-ray Diffraction and the Identification
and Analysis of Clay Minerals, Second. New York: Oxford University Press,
1997.

A. Philipp, N. W. Pech-May, B. A. F. Kopera, et al., ,Direct measurement
of the in-plane thermal diffusivity of semitransparent thin films by lock-in
thermography: An extension of the slopes method“, Analytical Chemistry,
vol. 91, no. 13, pp. 8476-8483, 2019.

Chapter 10 Tunable Thermoelastic Anisotropy in Hybrid Bragg Stacks



[42]

[43]

[44]

[45]

C. Clauser and E. Huenges, Thermal Conductivity of Rocks and Minerals.
American Geophysical Union, 2013, pp. 105-126.

J. K. Carson, S. J. Lovatt, D. J. Tanner, and A. C. Cleland, ,,Thermal
conductivity bounds for isotropic, porous materials“, International Journal
of Heat and Mass Transfer, vol. 48, no. 11, pp. 2150-2158, 2005.

Y.-F. Huang, Z.-G. Wang, H.-M. Yin, et al., ,Highly anisotropic, thermally
conductive, and mechanically strong polymer composites with nacre-like
structure for thermal management applications“, ACS Applied Nano Materials,
vol. 1, no. 7, pp. 3312-3320, 2018.

L. P. Tremblay, M. B. Johnson, U. Werner-Zwanziger, and M. A. White,
»Relationship between thermal conductivity and structure of nacre from
haliotis fulgens®, Journal of Materials Research, vol. 26, no. 10, pp. 1216—
1224, 2011.

R. W. Gammon, ,,Brillouin scattering experiments in the ferroelectric crystal
triglycine sulfate®, PhD thesis, John Hopkins University, 1967.

L. E. McNeil and M. Grimsditch, ,Elastic moduli of muscovite mica®, Journal
of Physics: Condensed Matter, vol. 5, no. 11, pp. 1681-1690, 1993.

J. Kriiger, L. Peetz, and M. Pietralla, , Brillouin scattering of semicrystalline
poly(4-methyl-1-pentene): Study of surface effects of bulk and film material®,
Polymer, vol. 19, no. 12, pp. 1397-1404, 1978.

S. P. Cheadle, R. J. Brown, and D. C. Lawton, ,,Orthorhombic anisotropy: A
physical seismic modeling study“, Geophysics, vol. 56, no. 10, pp. 1603-1613,
1991.

M. Mah and D. R. Schmitt, ,Experimental determination of the elastic
coefficients of an orthorhombic material“, Geophysics, vol. 66, no. 4, pp. 1217—
1225, 2001.

S. Cusack and A. Miller, ,Determination of the elastic constants of collagen
by brillouin light scattering®, Journal of Molecular Biology, vol. 135, no. 1,
pp- 39-51, 1979.

Y. C. Chu and S. I. Rokhlin, ,,Comparative analysis of through-transmission
ultrasonic bulk wave methods for phase velocity measurements in anisotropic
materials“, The Journal of the Acoustical Society of America, vol. 95, no. 6,
pp. 3204-3212, 1994.

M. Zgonik, P. Bernasconi, M. Duelli, et al., ,Dielectric, elastic, piezoelectric,
electro-optic, and elasto-optic tensors of batio crystals“, Physical Review B,
vol. 50, no. 9, p. 5941, 1994.

J. Midya, Y. Cang, S. A. Egorov, et al., ,Disentangling the role of chain
conformation on the mechanics of polymer tethered particle materials“, Nano
Letters, vol. 19, no. 4, pp. 27152722, 2019.

10.6 References

213



[55] G. A. Elbaz, W.-L. Ong, E. A. Doud, et al., ,Phonon speed, not scattering,
differentiates thermal transport in lead halide perovskites“, Nano Letters,
vol. 17, no. 9, pp. 5734-5739, 2017.

[56] A. S. Henry and G. Chen, ,Spectral phonon transport properties of silicon
based on molecular dynamics simulations and lattice dynamics®“, Journal of

Computational and Theoretical Nanoscience, vol. 5, no. 2, pp. 141-152, 2008.
[57] W.-L. Ong, S. M. Rupich, D. V. Talapin, A. J. H. McGaughey, and J. A.

Malen, ,,Surface chemistry mediates thermal transport in three-dimensional

nanocrystal arrays“, Nature Materials, vol. 12, no. 5, pp. 410-415, 2013.

214 Chapter 10 Tunable Thermoelastic Anisotropy in Hybrid Bragg Stacks



10.7 Supporting Information

10.7.1 Sample Preparation

10.7.2 Materials

The synthetic clay sodium fluorohectorite (Hec, [Nag 5] ™ [Mgy 5 Lig 5] [Sis]*** O19F2)
was synthesized via melt synthesis followed by long-term annealing, according to
an established procedure. The material featured a cation exchange capacity of
1.27mmol/g (References'?). Polyvinylpyrrolidone (PVP; M, = 40.000 g/mol)
was provided by Sigma Aldrich.

Fig. 10.5: Atomic force microscopy image of a single delaminated Hec nanosheet. Reprinted
with permission from Langmuir.['2) Copyright 2019 American Chemical Society.

10.7.3 Film preparation

For the delamination, the synthetic Hec was immersed into Millipore water (0.5 wt%).
The complete delamination was studied by small angle X-ray scattering (SAXS).
The aqueous PVP solution (1wt%) was added in the desired weight ratio. The
suspension was mixed for at least 1 day in the overhead shaker. Homogeneity of
the suspensions was cross-checked by SAXS measurements. All SAXS data were
measured using the small-angle X-ray system “Double Ganesha AIR” (SAXSLAB,
Denmark). The X-ray source of this laboratory-based system is a rotating anode
(copper, MicroMax 007HF, Rigaku Corporation, Japan) providing a micro-focused
beam. The data were recorded by a position sensitive detector (PILATUS 300 K,

Dectris). To cover the range of scattering vectors between 0.004-1.0 A1, different
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detector positions were used. The measurements of the suspensions were done in
1 mm glass capillaries (Hilgenberg, code 4007610, Germany) at room temperature.
To improve the detection limit of the in-house machine, the suspensions were first
concentrated to ~10wt% by centrifugation at 10000 rpm for 1hour. A rational
basal series was found for all suspensions, indicating that all clay nanosheets were
separated to exactly the same distance by water and PVP (Figure 10.6). Within
experimental errors reaggregation to stacks of Hec can be excluded by the absence

of a reflection typical for crystalline hydrated Hec phases at ¢ = 0.65 — 0.41 A=1 .
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Fig. 10.6: 1D SAXS pattern of the concentrated gel sample Hecd0/PVP60.

The self-supporting films were prepared by spray coating. The fully automatic
spray coating system was equipped with a SATA 4000 LAB HVLP 1.0 mm spray
gun (SATA GmbH & Co. KG, Germany). Suspensions were sprayed on a corona-
treated polyethylene terephthalate (PET) foil (optimont 501, bleher Folientechnik,
Germany). The spraying and nozzle pressure were set constant at values of 2 and
4 bar, respectively. The round per flat fan control was set to 6 with a flow speed
of 3mL/s. The distance between the spraying gun and the substrate was 17 cm.
The thickness of the suspension layer applied in one spraying step is ~2 pm which
corresponds to ~20 nm dry nanocomposite film thickness. For drying the suspension
layer, the sample is stopped under infrared lamps until evaporation of the solvent is
complete. After every spraying cycle, a drying cycle of 90s with a temperature of
55 °C took place. The spraying/drying cycle is repeated until the desired barrier film
thickness of 50 pm is obtained. Afterwards, the film was dried at 100 °C for 3 days
and peeled off from the PET foil to achieve self-supporting films. For characterization
by photoacoustic analysis thinner films on the order of a few pm were spray coated
onto clean 1 mm thick microscopy glass slides. In total, we prepared six samples,
which are denoted as HecO/PVP100, Hec23/PVP77, Hec31/PVP69, Hecd0/PVP60,
Hecb51/PVP49, and Hecl00/PVPO, respectively (Table 10.1). Throughout the
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manuscript, all samples are referred to by the nominal volume fractions (vol%) of
Hec and PVP, respectively. To rule out compositional changes during spray coating,
these ratios were cross-checked (Table 10.1) by thermogravimetric analysis (TGA),
using a Linseis STA PT 1600 (Linseis Messgerate GmbH, Germany). Changes in

mass observed upon heating in synthetic air up to 800°C were attributed to the

combustion of PVP.

Hecb51/PVP49
Hec40/PVPB0
Hec31/PVP69
—— Hec23/PVP77
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Fig. 10.7: TGA curves of four hybrid Bragg stacks. The weight loss below 200 °C corre-
sponds to the water.

X-ray diffraction (XRD) patterns for the films were recorded in Bragg-Brentano-
geometry on an Empyrean diffractometer (PANalytical B.V.; the Netherlands) using
Cu K, radiation (A = 1.54187 A). The self-supporting films were placed on glass
slides (Menzel-Gléser; Thermo Scientific). Prior to the XRD measurements, the

samples were dried at 100 °C in a vacuum chamber for one week.

1.3 nm

1.0 nm
1.0 nm
2.0nm
Q) \._‘ g e
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"V.’ yr \.' Y "\.' Y "\.' Y

Fig. 10.8: Space filling models. (A) PVP viewed along the polymer backbone chain. (B)
Monolayer of PVP oriented with the longer principal axis perpendicular to the
Hec nanosheet. (C) Bilayer of PVP lying in the plane of the Hec nanosheets.
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Fig. 10.9: XRD pattern and TEM image of the nanocomposite film Hec23/PVP77. The
red asterisks denote a second series of basal reflections of a minority phase
(d =2.3nm).

Fig. 10.10: Lattice plane termination of a single Hec nanosheet.

As a measure of the quality of the one-dimensional crystallinity of the films, the
coefficient of variation (CV) and the full width at half maximum (FWHM) were
determined (Table 10.1). Large CV-values (~3%[3) and large FWHM indicate
non-rationality of the diffraction pattern as caused by a random interstratification
of different interlayer heights. Assuming PVP and Hec densities of 1.2 g/cm and
2.7g/cm, respectively, nominal d-spacings can be calculated for the various volume
ratios (dpominal in Table 10.1).14) They agree reasonably with those obtained from
XRD measurements (dxgp in Table 10.1). In analyzing the cross-plane thermal

conductivity using the series resistance model, we used the dxrp values.
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Tab. 10.1: Overview of the structural and chemical characterization.

nominal  nominal = PVP PVP nominal
Hec:PVP  Hec:PVP  content content [A]
ratio ratio [a] [wt%]  [b][vol%)]
[wt%] [vol%)
Hec100/PVP0O 100:0 100:0 - - 10
Hec51/PVP49 70:30 51:49 27 45 18
Hec40/PVP60 60:40 40:60 38 58 23
Hec31/PVP69 50:50 31:69 49 68 30
Hec23/PVP77 40:60 23:77 59 76 41
Hec0O/PVP100 0:100 0:100 100 100 -
dxRrD gallery CV [%] FWHM
[A] height [°26]
(PVP)
[c][nm]

Hec100/PVPO 10 - - -

Hec51/PVP49 19 0.9 5.9 0.4
Hec40/PVP60 23 1.3 1.3 0.3
Hec31/PVP69 30 2.0 1.0 0.3
Hec23/PVP77 38 2.8 2.8 0.3
Hec0/PVP100 - - - -

& determined by TGA
b calculated with the PVP content determined by TGA
¢ gallery height corresponds to the d-spacing minus the Hec platelet height of 1nm

Scanning electron microscopy (SEM) images were taken with a Zeiss LEO 1530 (Carl
Zeiss AG, Germany) at an operating voltage of 3kV. Cross sections were prepared
by cutting with a razor blade. The samples with Hec were sputtered with 10 nm

carbon.

Transmission electron microscopy (TEM) images were taken on a JEOL JEM-2200FS
(JEOL GmbH, Germany) at an acceleration voltage of 200kV. Cross-section pictures
of the self-supporting films were prepared with a Cryo Ion Slicer IB-09060CIS (JEOL,

Germany).
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Fig. 10.11: SEM image and photograph of the hybrid film. A) The SEM image displays the
ordered arrangement of hectorite sheets at the macro-scale. B) As the hectorite
platelets arrange highly ordered, light scattering is prevented and the films is
transparent.

10.7.4 Thermal measurements

For the determination of the in-plane and cross-plane thermal conductivity, the
density and the specific heat are needed. Therefore, Helium pycnometry and
differential scanning calorimetry (DSC) were used. We determined the in-plane
thermal diffusivity by lock-in thermography, and the cross-plane thermal conductivity
by the photoacoustic method. Prior to the measurements, the samples were dried at

100 °C in a vacuum chamber for one week.

10.7.5 Helium pycnometry

The density of the samples was measured by helium pycnometry. Therefore, an
Ultrapyc 1200e (Quantachrome Instruments) was used. Prior to each measurement
the volume of the empty measurement cell was measured. Afterwards, small pieces
of the freestanding films were weighed into the sample cell with a nominal volume
of 1.8cm?. One hundred runs were performed to determine the volume of the films
at room temperature. By knowing the mass (measured on a fine balance) and the

volume, the density of the samples was calculated.

10.7.6 Differential scanning calorimetry

The specific heat was determined by DSC measurements according to the ASTM
E1269 standard. The samples were freeze ground for better processability and
contact to the DSC pans. The measurements were performed on a TA instruments
Discovery DSC 2500. An isothermal step (1h, 100 °C) was conducted prior to the
measurement to ensure dry conditions. Then two heating cycles were used and only
the second cycle evaluated. The temperature profile ranged from -40 to 250 °C using

a heating rate of 20 K/ min with a nitrogen flow of 50 mL/ min.
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Fig. 10.12: Temperature and composition dependencies of the specific heat. (A) Three
samples per Hec/PVP composition were measured. The average specific heat
at 25°C was used to calculate the thermal conductivity. (B) The green dashed
line shows the prediction by a simple mixing model, Cp(x) = (1-x)Cp(0%) +
xCp(100%), with x being the hectorite weight fraction

10.7.7 Lock-in thermography

The in-plane thermal diffusivity of free-standing Hec/PVP stack films was obtained
by lock-in thermography (LIT). The self-built LIT set-up is shown in Figure 10.13.

Temperature Vr?cm;m
of the sample chamber
TIK]
_ . Laser
H IR camera | @ IP [ | Shutter 532 nm
— | Lens
(f=15cm)
Sample
PC Shutter controller

Fig. 10.13: Scheme of the lock-in thermography set-up. The samples were measured in a
vacuum chamber to avoid convective heat losses to the environment.

The sample is heated by a laser beam (Genesis MX 532-1000 SLM OPS, Coherent,
A = 532nm) focused onto the sample surface by a lens of 150 mm focal length. The
intensity of the laser is modulated using a shutter (SH05/M, Thorlabs) controlled
by a shutter controller (SC10, Thorlabs). The emitted infrared (IR) radiation of
the sample surface is detected by an Infratec VarioCAM HD research IR camera

(spectral window: 7.5-14pm). The camera is equipped with a close-up lense. In this
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configuration, the minimum spatial resolution is 29 pm (working distance: 33 mm).
Since heat losses to the environment lead to an overestimation of the thermal diffu-
sivityl®hl all samples were measured under vacuum conditions (=3 x 103 mbar).
Furthermore, all samples were coated with a 20nm carbon layer for enhanced laser
absorption. The coating of the sample was facing to the IR camera. LIT measure-
ments were performed using Infratec’s IRBISactiveonline software. Measurements
were conducted at several lock-in frequencies between 0.219 and 1.765 Hz (depending
on the Hec/PVP composition). Furthermore, each measurement was averaged over
several (600-2000) lock-in periods to enhance the signal to noise ratio, with the first
60-100 periods being discarded. The software calculates automatically the amplitude
and phase of the temperature oscillations (Figure 10.14). The red point marks the

midpoint of the laser excitation and thus the midpoint of the radial distribution.

Vertical position (pixel)

Vertical position (pixel)

400 500 600 400 500 600 400 500 600
Horizontal position (pixel) Horizontal position (pixel) Horizontal position (pixel)

Vertical position (pixel)
Vertical position (pixel)
Phase, ¥ (°)

400 500 600
Horizontal position (pixel) Horizontal position (pixel)

400 500 600

Fig. 10.14: Exemplary two-dimensional phase images measured at a frequency of 1.111 Hz.
The penetration depth of the temperature oscillations increases with increasing
thermal diffusivity of the Hec/PVP films. The focal point of the laser is marked
by a red point in the center of the IR image

A self-written Python script is used to extract radial profiles for the phase and
amplitdue images (Figure 10.15). The thermal diffusivity is calculated from the
phase and amplitude slopes according to the slope method of a thermally thin film:[®

Wflock-in

() = (10.1)

Here, my, is the slope of the linear relation of the phase and the radial distance,

Ty My (1.7 is the slope of the linear relation of the natural logarithm of the
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amplitude 7" multiplied by the square root of the radial distance r, flock-in is the
lock-in frequency, and «j is the in-plane thermal diffusivity. Three films have been
measured for each Hec/PVP composition. An average in-plane thermal diffusivity
and a standard deviation were calculated for each composition, as summarized in

Table 10.2.

¥, In(Tr"%) (a.u.)

00 05 10 15 20
r (mm)

Fig. 10.15: Exemplary phase ¥ and amplitude profiles. The green line indicates the region,
where the linear fit was evaluated. This is sufficiently far away from the central

excitation spot.

Tab. 10.2: In-plane thermal diffusivity values of Hec/PVP stack films. Three films per
Hec/PVP composition were measured, based on which an average in-plane
thermal diffusivity and a standard deviation were calculated

Sample In-plane thermal diffusivity (mm?2s~!)
Hec23/PVPT7 1.02 +0.04
Hec31/PVP69 1.28 4 0.02
Hec40/PVP60 1.52+0.04
Hecb1/PVP49 1.69 £+ 0.03
Hec100/PVPO 2.35+0.03

The in-plane thermal conductivity was calculated from the in-plane thermal diffusivity

(), density (p), and specific heat (C},) as

kH = Oé” P Cp (10.2)

10.7.8 Photoacoustic method

The cross-plane thermal conductivity was determined by the photoacoustic method.
It uses the photoacoustic effect to determine the thermal properties of a sample.

Therefore, a modulated laser beam (A = 488 nm) periodically heats the sample.

For good absorption of the laser energy a thin Au transducer layer (~150 nm) was
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coated on the sample surface. For photoacoustic characterization, the samples
were spray-coated on a glass substrate. The layout of the measurement cell above
the sample is shown in Figure 10.16A. The gas tight cell is filled with a helium
pressure of 20 psi. The microphone (Bruel&Kjaer, 4398-A-011) connected to the
cell measures an acoustic wave, which is induced by the periodic heat conduction
from the transducer layer surface to the gas phase. As shown in Figure 10.16B, the
microphone is linked to a lock-in amplifier with integrated signal generator (Zurich
instruments, HF2LI). The signal generator controls the electro-optic modulator
(EOM, Conoptics, M25A) and therefore the frequency of the modulated laser beam.
The acoustic signal detected by the microphone is then transferred into a phase and

amplitude shift in relation to the modulation of the incident laser beam.

A Modulated laser beam B Laser EOM PA Cell

He :@Jlg‘% Microphone

y.A
I I |
Sample on %

glass substrate Lock-in Amplifier with
integrated Signal Generator

Fig. 10.16: Scheme of photoacoustic measurements. (A) The photoacoustic cell. (B) The
whole setup.

The phase shift is detected as a function of the frequency in a range from 110 Hz to
4000 Hz. The signal is then normalized with the phase shift signal of a thermally thick
glass sample (1 mm) with known thermal properties. A representative frequency
sweep is shown in Figure 10.17. The red line indicates the best fit according to the
fitting procedure presented by Singh et al.[’l They used the generalized multilayer
model of Hu et al.[¥l assuming one-dimensional heat transfer. The unknown fitting
parameters are the contact resistance between the gold layer and the sample, the
thermal diffusivity of the sample, and the contact resistance between sample and
substrate. For thin films the fit is not very sensitive to the individual parameters,
but to the total layer resistance. Therefore, only the total layer resistance is reported.
From the total layer resistance it is possible to calculate the effective thermal
conductivity by dividing with the thickness. The thickness of the samples was
determined by AFM measurements. The values of the total layer resistance and
sample thickness are summarized in Table 10.3. For each Hec/PVP ratio samples
with three different thicknesses were measured to exclude influences from the sample

thickness.
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Fig. 10.17: Normalized photoacoustic phase signal. Representative photoacoustic measure-
ment of the Hec31/PVP69 sample with a thickness of 1.979 um. The red line
shows the best fit.

Tab. 10.3: Summary of the photoacoustic measurements. The total layer resistance, the
thickness, and the resulting effective cross-plane thermal conductivity are given
for each sample.

Sample Total layer resistance Thickness Effective cross-plane
[mm?K /W] [nm] thermal conductivity
[W/mK]
Hec100/PVPO 1.58 0.28 0.177
Hec100/PVPO 2.55 0.595 0.234
Hec100/PVP0O 4.34 0.94 0.217
Hec51/PVP49 3.69 0.255 0.069
Hec51/PVP49 7.74 0.722 0.093
Hec51/PVP49 11.53 0.957 0.083
Hec40/PVP60 6.54 0.463 0.071
Hec40/PVP60 14.03 1.139 0.081
Hec40/PVP60 18.96 1.987 0.105
Hec31/PVP69 8.20 0.744 0.091
Hec31/PVP69 17.58 1.382 0.079
Hec31/PVP69 24.06 1.979 0.082
Hec23/PVP77 8.81 0.568 0.064
Hec23/PVPT77 17.45 1.677 0.096
Hec23/PVPT77 26.37 2.568 0.097
HecO/PVP100 2.26 0.351 0.155
HecO/PVP100 4.50 0.792 0.176
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10.7.9 Brillouin light spectroscopy

Brillouin Light Spectroscopy (BLS) measures the phonon dispersion, i.e., the wave
vector, ¢, dependent sound velocity, v; (q), by detecting the Doppler frequency shift,
f, in laser light inelastically scattered by sound waves (“phonons”). Since the phonon
modes in question are thermally populated, the Bragg condition for light scattering
is satisfied independent of the scattering angle, in contrast to the kindred time-
domain (“picosecond ultrasonic”) techniques that require external phonon injection
via special sample preparation. Since the latter typically involves deposition of non-
transparent metallic transducer films, they also do not readily allow for transmission
and backscattering measurements, further limiting the potential of these techniques
for probing anisotropic materials. Assuming a planar sample, BLS can be conducted
in three scattering geometries: transmission, reflection, and backscattering. For
angle-dependent measurements in the transmission and reflection geometries, the
laser source (A = 532nm) was mounted on a goniometer and rotated around the
sample, similar to a wide-angle X-ray (WAXS) setup. For the transmission geometry
(top-right inset to Figure 10.3B), the propagation vector, ¢, of the sound wave lies
in the plane of the sample and its modulus, |g| , is independent of the refractive
index according to [q|| = (47” sin (B)), with 8 being the light incident angle. For

the reflection geometry, the Bragg condition is fulfilled for sound waves with ¢ along

the normal to the sample plane, so that |¢|;, = (4;\/712 — sin (5)2>With n being

the refractive index of the sample.”) In order to find n, several points at different
B were acquired, and then fit linearly; n was determined under the constraint that
the fit has to pass through the origin (Figure 10.18A), and the obtained values are
reported in Table 10.4. In contrast to the transmission geometry, the range of the
dispersion relationship that can be scanned by varying |¢|, is more restricted due
to refraction of the laser beam at the air-sample boundary. Finally, backscattering
measurements can be conducted, where the incident and scattered light traverse the
same path, and the sample is mounted on a rotating stage with angular gradation
marks. Only a single dispersion point, corresponding to ¢ directed opposite to k; in

the film and of a magnitude, |¢| = MT” is accessible in the backscattering geometry,

but all possible L directions can be probed.

lql

Because backscattering measurements use the same lens for focusing the incident
and collimating scattered light, the alignment of the setup is generally much easier,
so that all the backscattering spectra were acquired with microscope objectives
(typically 10x) to reduce the spectrum accumulation time. From the given formulas,
it is easy to see that the Brillouin frequency shift does not exceed 2nv/x, where v is
sound velocity. These frequencies render viscoelasticity effects negligible and are
detected using a high-resolution six-pass Tandem Fabry Perot (TFP) interferometer
(JRS Instruments, Switzerland) optimized for the 1-50 GHz range. Values still further
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out on the dispersion relationship can be accessed using, for example, picosecond

ultrasonic interferometry (PUI), but at the expense of great effort and without any

gain in information for the problem at hand.'?) Finally, BLS also offers direct access

to the shear moduli, simply by analyzing scattered light in different polarizations: VV

(i.e., vertical incident and vertical scattered light) corresponds to quasi-longitudinal

and quasi-transverse phonon modes, and VH (i.e., vertical incident and horizontal

scattered light) to the pure-transverse phonon mode (for transversely isotropic

samples, HV does not show a transverse peak). Before the BLS measurements, the

samples were dried at 100°C in a vacuum chamber for one week to remove any

residual water content.
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Fig. 10.18: BLS experiments in the reflection geometry. (A) Dispersion (frequency vs. wave

vector) of the longitudinal (L) and transverse (T) phonons in the hybrid stacks
and the two constituent components (see the color code) obtained from the
polarized (VV) and depolarized (VH) BLS spectra recorded in the reflection
geometry (inset). (B) Typical VV spectra of the Hec31/PVP69 hybrid film at
three laser incident angles.
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Fig. 10.19: BLS spectra and peak intensity. (A) Polarized (VV) BLS spectra recorded in
the backscattering geometry (inset to Figure 10.3A) for two hybrid stacks and
the pure Hec film at an incidence angle of 45°. (B) The intensity ratio of the
Q-L to Q-T peaks in (A) vs. the laser incident angle.
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Fig. 10.20: Direction-dependent sound velocities of hybrid stack films. (A) Hec23/PVP77,
(B) Hec40/PVP60, (C) Hec51/PVP49, and (D) Hec100/PVPO (the data points
in the dotted circle were not used in the fitting). Q-L, P-T, and Q-T represent
the quasi-longitudinal, pure-transverse, and quasi-transverse phonon modes,
respectively. (E) Variation of the elastic stiffness constants with the Hec volume
fraction.
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Based on the BLS-measured direction-dependent sound velocities, we obtained the

elastic tensor within the framework of the Christoffel equation.!):[12]

Iy — pv? I'o '3 (1 0
Iy Ty — pv/? I3 ug| = |0 (10.3)
I's; I'so Is3 — pv?| |us 0

where p is the density of the sample, v is the sound velocity, u = [uq, ug, ’LLg]T is the
displacement vector, and I';; (i, k = 1, 2, 3) is the Christoffel stress, which is defined
as
3 3
T = Z Z Cijraning. (10.4)
j=1i=1
Here, Cjj; denotes an element of the 4th rank elastic tensor, and n = [nq, na, ng]T
represents the phonon propagation direction.For a transversely isotropic material,

the elastic tensor, in the Voigt notation, has the following form.!?l

Cii Ci2 Ci3
Ci2 Cn Ci3
C C C
c- |G Cis Css 7 (10.5)

Cua
Cu

Cn—=C
Cu = 112 12

and contains five independent stiffness constants. After some algebra, the sound
velocities of the Q-L, Q-T, and P-T modes along a direction defined by « can be

represented as follows,

—A + A% — 44,
—A; — /A2 — 44,
vQ-T (04) = 2p ! (107)
A
vpor (@) = | =2 (10.8)
p
where,
A= — (sin (aCH)Q + cos (04033)2 + 044) (10.9)

A9 = sin (04011044)4 + sin (04)2 Ccos (Oz)2 <C11033 — 0123 — 2013044) <+ cos (04033044)4
(10.10)
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Az = sin (aCgg)? + cos (aClyy)? (10.11)

Through nonlinear x? fitting of the BLS-measured sound velocities (i.e., v vs. )
with Equations (10.6)-(10.8), we obtained the elastic stiffness constants as well as

their uncertainties.' The y2 is defined as

2= Z [vi gt (C11, Cha, Ci3, O3, Cs3, @) — Vi exp ()]
7 (AVjexp)”

(10.12)

where v; 5¢ and v; exp are the fitted and experimental sound velocities, respectively,
Av; exp is the uncertainty of the measured sound velocity, and the summation is
over all experimental sound velocities. By considering the uncertainties of the
measured angles, refractive indices, and phonon frequencies, we estimated v; exp
to be 0.02 vjexp. We imposed the following constraints for the elastic stiffness

constants: [15]

1. Cy1 > |Cho]
2. Cyqs >0
3. 033 (011 + 012) > 20%37

which ensure positive Young’s and shear moduli. The availability of experimental
data for all the Q-L, Q-T, and P-T modes allows unique determination of Ci1, C2,
C13, C33, and Cyy.

After that, we calculated the engineering mechanical properties,'3 which include
the in-plane Young’s modulus (), cross-plane Young’s modulus (£ ), sliding shear
modulus (Gi3), torsional shear modulus (Gi2), and two characteristic Poisson’s
ratios (13 and v12). Note that only five of the engineering mechanical properties
are independent (typically, B, £, G13, G12, and one of v13 and vz are chosen).
Also note that to be consistent with the direction-dependent thermal conductivity
results, we used subscripts, “||” and “L1”, to ,represent directions parallel and
perpendicular to the sample film, respectively, rather than directions parallel and
perpendicular to the “3”-axis (i.e., the symmetry axis), as seen in typical analysis of
transversely isotropic materials. The relevant mechanical properties are summarized
in Tables 10.4 and 10.5.
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Tab. 10.4: Summary of elastic stiffness constants. Composition (Hec vol%, Hec wt%),
density (p), refractive index (n), and elastic stiffness constants (C11, C1a, Ci3,

C33, Cyq, and Cgg) of the Hec/PVP hybrid Bragg stack films.

Sample ID  Hec vol% Hec vw% p n
(g/cm?)
HecO/PVP100 0 0 1.2 1.53*
Hec23/PVPT7 23 40 1.55 1.54
Hec31/PVP69 31 50 1.62 1.50
Hec40/PVP60 40 60 1.74 1.47
Hec51/PVP49 51 70 1.97 1.45
Hec100/PVPO 100 100 2.70 1.40
Sample 1D 011 012 013 C44 C44 CGG
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
HecO/PVP100 10.4 5.2 5.2 104 2.6 2.6
Hec23/PVPT77 67.6+1.7 28.0+1.9 6.0+ 1.2 13.2+0.3 1.5+0.1 19.8+£0.5
Hec31/PVP69 84.3+1.5 34.04+1.8 6.1+ 1.5 15.7+0.3 1.2+0.2 25.1£0.5
Hec40/PVP60 101.6 + 35.9+2.2 6.5+1.8 19.7£04 1.4+0.1 32.9+0.6
1.8
Hec51/PVP49 134.1 + 55.942.9 7.7+2.3 23.0+0.5 1.1+0.1 39.1+£0.9
2.2
Hecl00/PVP0O 242.5 + 103.2 + 40.9+5.2 35.0£0.9 1.0+£0.1 69.6+£1.2
6.2 6.7

*Source:

https://refractiveindex.info/?shelf=organic&book=polyvinylpyrrolidone&page=Konig.
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Tab. 10.5: Summary of engineering mechanical properties. Composition (Hec vol%, Hec
wt%) and engineering mechanical properties of the Hec/PVP hybrid Bragg stack
films. Ej: in-plane Young’s modulus; E: cross-plane Young’s modulus; G13,
Go3: sliding shear moduli; G1s: torsional shear modulus; v13, V23, 12 Poisson’s
ratios (v13 represents the strain response in the j-direction due to a stress in
the i-direction).

Sample ID  Hec vol%  Hecvw% Ej (GPa) FE, (GPa) %
HecO/PVP100 0 0 7.0 7.0 1
Hec23/PVPT77 23 40 55.0+2.5 125+04 44
Hec31/PVP69 31 50 69.7+23 1514+04 4.6
Hec40/PVP60 40 60 88.1+26 191+05 4.6
Hec51/PVP49 51 70 109.9+3.5 2244+06 4.9
Hec100/PVPO 100 100 17894+99 254+£26 7.0

Sample ID G13 = G23 G12 V13 = 23 V12

(GPa) (GPa)
HecO/PVP100 2.6 2.6 0.33 (as- 0.33 (as-
sumed) sumed)

Hec23/PVP77 1.5+0.1 19.8+0.5 0.06 £0.01 0.39 £0.03
Hec31/PVP69 1.2 £0.2 25.1+0.5 0.056+0.01 0.39+0.2

Hec40/PVP60 1.4 £0.1 32.9+£0.9 0.05+0.01 0.34£0.02
Hec51/PVP49 1.1+0.1 39.1£0.9 0.04 £0.01 0.41£0.02
Hec100/PVP0O 1.0+0.1 69.6+1.2 0.12£0.02 0.29 £0.06

10.7.10 Evaluation of interfacial thermal conductance

The series resistance model (SRM) shown in Figure 10.4F illustrates a hybrid stack
unit cell consisting of one Hec layer and one PVP layer. We describe the corrugation
of the Hec nanosheet (Figure 10.1B) by a thermal interface conductance, Gec/pyvp-

For the unit cell in Figure 10.4F, the total thermal resistance can be calculated as

dxRD _ dHec | dpvp 2
ki ke  kpvP  Ghec/pvp’

(10.13)

where dxrp is the basal spacing as determined by XRD (Table 10.1), is the effective
cross-plane thermal conductivity, dge. = 10 A, and dpyp = dxrp — dpec. For
the thermal conductivity of the two components, we used the following values:
kfee = 5.71 W/mK, and kpyp = 0.17 W/mK. The Hec/PVP interfacial conductance,
GHec/pPvP, 18 determined by least squares fitting of the experimental £, data (red
solid line in Figure 10.4C) to be 89 £ 8 MW /m?2K, which falls well into the range

of interfacial conductance reported for inorganic/organic interfaces.16117] We also
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obtained the Hec/Hec interfacial conductance, Gyec/mec = 219 + 28 MW/ m?K, by

considering a unit cell consisting of one Hec layer and one Hec/Hec interface i.e.

dXRD _ dHec 1
k1 Kttec GHec/Hec ‘

(10.14)

10.7.11 Uncertainty analysis

The uncertainties (standard deviations) of the data reported in this work were
analyzed by taking into account the instrument accuracy, repetitive measurements,
and propagation of uncertainties. The sound velocities were estimated to have an
error bar of 2%. The uncertainties of the elastic stiffness constants were determined
according to Zgonik et al.'¥ The uncertainties of the engineering mechanical proper-

ties were calculated according to principles of uncertainty propagation. For instance,

2073
E, =Cs3— it Cn —1—1?&’12 (10.15)
2 ij<kl
S T ) QO 2 B
ij=11,12,13,33 i ij,kl=11,12,13,33 ij Sk
(10.16)
where

oC11 (Cyy + C12)?’ '

9C1a  (Cyy + C12)?’ '

= — 10.1
0C3 Cin +Cia’ (10.19)

E

ga; =1, (10.20)

Similar expressions can be derived for the other engineering moduli and the Poisson’s
ratios. The uncertainties of the thermal measurement results are analyzed in a

similar way, i.e., by considering uncertainty propagation. For example,

]{Z” = aHpCp (10.21)

Ak = J ((‘3;)2 (Aay)” + (%’;)2 (Ap)? + ((;9(/1)2 (ACp)?  (10.22)
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where

Ok

10.2
aaH ,OCP ( 0 3)
78;) = OzHCp (10.24)
ak”
9Cy =q)p (10.25)

Here we assumed negligible covariance terms. Similar expressions can be derived
for ki, ki/k., A, etc. The uncertainties of the data are reported as error bars in the
figures shown in the main text and Supporting Information. For clarity, error bars

smaller than the symbol size are not shown.
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11.1 Abstract

Directional control on material properties such as mechanical moduli or thermal
conductivity are of paramount importance for the development of nanostructured
next-generation devices. Two-dimensional materials are particularly interesting in
this context owing to their inherent structural anisotropy. Here, we compare graphene
oxide (GO) and synthetic clay sodium fluorohectorite (Hec) with respect to their
thermal transport properties. The unique sheet structure of both allows preparation
of highly ordered Bragg stacks of these pure materials. The thermal conductivity
parallel to the platelets strongly exceeds that perpendicular to them. We find a
significant difference in the performance between GO and synthetic clay. Our analysis
of the textured structure, size of the platelets, and chemical composition shows that
Hec is a superior two-dimensional component to GO. Consequently, synthetic clay
is a promising material for thermal management applications in electronic devices

where electrically insulating materials are prerequisites.

11.2 Introduction

Modern electronics crucially depend on materials and structures that are capable
of dissipating their ever-increasing thermal energy density. Materials with a high
thermal conductivity manage to divert heat away from hot spots efficiently. At the
same time, the thermal management in the entire device needs to be considered
where areas of high and low-temperature tolerance may be located in close vicinity.™
Consequently, materials that are capable of directing the flow of heat are required.
Two-dimensional (2D) materials with an anisotropic thermal conductivity match
this requirement.? Well-known representatives of such materials are graphitel?!
and graphene.l) Both exhibit a high in-plane thermal conductivity, while their
cross-plane thermal conductivity is much lower. However, they are both also
electrically conductive and consequently not suitable in most electronic applications.
To prevent shortcuts, the use of nonconductive materials is mandatory. This demand
is represented in the field of thermal interface materials.’[6] The right selection of
the matrix and filler and the processing and structure formation are essential for

achieving an optimum performance.[”(8l

Two materials have been widely used to prepare electrically nonconductive com-
posites with anisotropic thermal conductivity, namely, graphene oxide (GO) and
the graphene analog hexagonal boron nitride (hBN). Strong oxidation of graphite
allows for the water processability of GO but significantly reduces the in-plane
thermal conductivity compared to graphite/graphene. The degree of oxidation

relates to the in-plane thermal conductivity.l”) In most cases, GO is reduced (rGO)
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to partially restore the high in-plane thermal conductivity. Concomitantly, the

[1O0-113] Consequently, the anisotropy ratios (i.e., the

electrical conductivity increases.
ratio between in-plane and cross-plane thermal conductivity) in GO-based materials
depend on the oxidation state and can reach values of 19 for GO and up to 675
for rGO.1"% An additional drawback of this reduction step is the necessity to apply
either reducing chemicals (such as hydrazine) or high thermal temperatures, which

are needed to be tolerated by the entire device or composite.

The structure and properties of hBN are comparable to those of graphite/graphene.
The most significant difference exists in the electrical conductivity. In comparison
to graphene, hBN is not electrically conductive. The thermal transport properties,
however, are comparable, meaning a high in-plane thermal transport and, therefore, a
high anisotropic thermal conductivity. A fundamental study of bulk single-crystalline
hBN demonstrated a promising anisotropy ratio of 87.5.14 However, the sample was
a 1 mm-sized flake, and it is not yet possible to produce large-area samples of single-
crystalline hBN. Nevertheless, hBN can be mixed with polymers to achieve composite
materials. In contrast to GO, hydrophobic hBN is still challenging to fully exfoliate,
especially in water. A simple sonication-assisted hydrolyzation process in water leads
only to a mixture of monolayers and multilayers.!!5] Therefore, studies about the
anisotropic thermal conductivity of hBN/polymer composites lack structural control

and cannot reach the value of the single crystal.[161-[20]

A maximum ratio up to 39
could be realized by stretching the composite, which improves the alignment and
therefore demonstrates the difficulty in controlling the composite structure during

processing. [19]

Synthetic clays are less-known materials in the context of thermal interface materials.
Nevertheless, this material class offers a range of advantages, particularly regarding
the structural control of the assembled composite structure. Due to their superior
control over the aspect ratio and the delamination process, highly ordered compos-
ites with outstanding mechanical, 2123 gas barrier, 2425 and fire resistance22:[23]
properties have already been realized. Additionally, the high phase purity of Hec
leads to optically clear and transparent films, which is relevant for optical applica-
tions. Furthermore, ultralow cross-plane thermal conductivity was demonstrated
in organoclays26) and hybrid Bragg stacks.[2”) Although this hints toward the high
potential of this material class for high anisotropic thermal conductivity, little is

known about the direction-dependent heat spreading in the pure filler components.

Our contribution aims to close this knowledge gap. We focus on pure, single-phase
components to elaborate the fundamental filler properties without introducing
additional complications originating from filler/matrix interactions. Our study is
based on a synthetic clay sodium fluorohectorite of different platelet diameter. For a

better classification of this unnoticed material in the context of anisotropic thermal
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conductivity, we compare our results to two types of GO samples stemming from

different sources.

11.3 Results and Discussion

Our investigation is based on four samples: synthetic sodium fluorohectorite (Hec,
[Nao.g,]mter [Mg2 5Lig 5)°¢*[Si4]*** O1pF2) in its native form termed Hec-L, consisting of
large platelets (tens of nm in lateral size) and Hec-S, consisting of small platelets
(sub-um) received after sonication of Hec-L. We compare the Hec samples to GO,

28] termed

which was synthesized following a modified Hummers—Offeman procedure
GO-syn, and a commercially available GO, termed GO-com. In all samples, we
focus on the contribution of the platelet dimension, platelet defect concentration,
and chemical composition to the thermal transport anisotropy. All materials were
processed by spray coating of a dilute aqueous dispersion (0.5 wt%) onto a substrate
(polyethylene terephthalate (PET) film or glass). Thus, the Hec and GO sheets align
parallel to the substrate introducing a macroscopic orientation to the individual
nanosheets. After drying for 5h at 100 °C, freestanding samples were obtained by
peeling off the films from PET. These films were used to determine the in-plane
thermal conductivity by lock-in thermography. The cross-plane thermal conductivity
was measured using the photoacoustic method with thin films immobilized on a glass
substrate. The obtained thermal conductivity values are summarized in Figure 11.1a.
We found comparable in-plane and cross-plane thermal conductivities for Hec-L
(in-plane: 5.7 + 0.1 W/mK, cross-plane: 0.21 4+ 0.03 W/mK) and for Hec-S (in-plane:
5.6 £0.2W/mK, cross-plane: 0.18 + 0.02 W/mK). Compared to literature values
of related structures, the in-plane thermal transport of our pure Hec samples is
exceptionally high. Muscovite and biotite single crystals show in-plane thermal
conductivities of 3.89 and 3.14 W/mK, respectively. 291 The montmorillonite sample,
which was prepared from a suspension of delaminated platelets, showed an in-plane
thermal conductivity of only 1.92 W/ mK.13% The high in-plane thermal conductivity
of pure Hec is very promising in the context of heat spreading, particularly since
this high value is obtained without any further processing of the spray-coated film.
By contrast, the cross-plane thermal conductivities of muscovite and biotite are 0.62
and 0.52 W/mK, respectively, 29) and are therefore more than twice as high as in our
synthetic Hec samples. The montmorillonite sample, by contrast, has a cross-plane

thermal conductivity of 0.2 W/ mK, % which is comparable to our samples.

The in-plane and cross-plane thermal conductivities of the as-prepared GO sam-
ples are both lower than those of the clay samples. The in-plane values are
1.7+ 0.1 W/mK for GO-syn and 1.0 £0.1 W/mK for GO-com, while the cross-
plane values are 0.12 £ 0.01 and 0.13 £ 0.01 W/mK, respectively. The values of
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Fig. 11.1: Thermal properties: (a) in-plane (Kin-plane) and cross-plane (Keross-plane) thermal
conductivity. The numbers in the graph represent the anisotropy ratio of the
thermal conductivity (Kin-plane/Kcross-plane)- (b) Specific heat capacity (Cp).

the cross-plane thermal conductivity are comparable to reports in the literature of
0.18*) and 0.15 W/mK.1! The in-plane thermal conductivities show a much higher
degree of variability. Renteria et al. reported a value of 2.94 W/ mK, 1% which is
almost twice as high as the value for GO-syn. Meng et al. measured a value of
1.6 W/ mK, % which is in good agreement with our value for GO-syn. The variation of
the GO results indicates that the in-plane thermal conductivity is strongly sensitive
to the exact synthesis and preparation of the GO samples. This result is in line with
reported large spreads of in-plane moduli ranging from 170 to 530 GPa,28 which
was attributed to holes formed in the GO sheets due to overoxidation as proposed
by Hofmann and Kénig.[3Y This variation is also visible in the specific heat capacity
(Figure 11.1b). Both Hec samples have comparable heat capacity, whereas GO-com
has a higher heat capacity than GO-syn.

The Hec films exhibit a 2- to 3-fold higher anisotropy ratio (Kin-plane/Kcross-plane)
of thermal conductivity than the GO samples (gray numbers in Figure 11.1a).
The anisotropy ratio of the GO-syn sample of 14 is in good agreement with other
studies, [’ which reported a ratio of 16, while the anisotropy of GO-com® is even
lower. The anisotropy values of the synthetic Hec (~ 30) exceed the anisotropy
ratios of natural clays, like boom clay®? (~ 1.7). Even the literature values of
well-oriented samples like muscovite (6.3),2% biotite (6.0),1??) and montmorillonite
(9.6)B3% hardly compare to the anisotropy in our synthetic structure. The superior

anisotropy underlines the very high textured orientation of our structure.

We next focus on the structure and composition of the samples under investigation
to work out any potential influence on the thermal conductivity. Hec belongs to the
trioctahedral 2:1 smectite family and shows a sandwich-like structure comprising two
tetrahedral and one octahedral layer (Figure 11.2a) with a nominal composition of
[Nag 5] [Mgg 5 Lig.5]° [Sis]***O19F5. The thickness of an individual Hec platelet is
~10 A (Figure 11.2b). The synthetic Hec applied here has been shown to delaminate

into individual single layers by repulsive osmotic swelling when immersed in deionized

11.3 Results and Discussion
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water.33] For well-controlled delamination, a uniform intracrystalline reactivity is
a prerequisite, which comes along with phase purity and a homogeneous charge
density. For synthetic Hec, this is achieved by a melt synthesis followed by long-
term annealing. The delamination was studied by small-angle X-ray scattering
(SAXS). The high orientational lamellar order in liquid crystals leads typically to
(a) anisotropic 2D scattering patterns and (b) a rational series of 00I-reflections
due to the defined interlayer spacing d at d = 27 /q. Further, in that case, the
swelling behavior of 2D lamellae with volume fraction ® and thickness ¢ is expected
tobed=1t/ ®.134 The homogeneous intracrystalline reactivity assures a rational
00l-series, with adjacent Hec nanosheets being separated in suspension to 53 + 6
(3wt%) and 38 = 4nm (5wt%) for Hec-L and Hec-S, respectively (Figure 11.2c).
Due to the hindered polar rotation of Hec nanosheets in suspension, these Hec
suspensions represent nematic phases. The observable rational series up to six higher-
order reflections emphasizes the superior positional order of adjacent individual
nanosheets. The high positional order is further proven by an anisotropic 2D
scattering pattern (Figure 11.4). Spray coating these nematic phases of dilute
Hec suspensions led to homogeneous, one-dimensional (1D) crystalline structures
(smectic films) composed of largely overlapping individual sheets forming quasi-single
crystalline band-like films.[27) The exceptional periodic homogeneity can be seen from
the cross-sectional transmission electron microscopy (TEM) image (Figure 11.2b).
The white arrows highlight the directions of the in-plane and cross-plane thermal
conductivity measurements. X-ray diffraction (XRD) patterns (Figure 11.2d) of
both samples show a rational 00I-series up to the seventh order with sharp and
intense basal reflections after spray coating. The quality of the 1D crystalline order
is further confirmed by a low coefficient of variation of the 00l-series (Table 11.1) and
a small full width at half-maximum. Furthermore, both Hec-L and Hec-S samples
have a comparable basal spacing of ~10 A in the dry state, which represents the
periodicity along the stacking direction. In Figure 11.5, the platelet areas, measured
by scanning electron microscopy (SEM) followed by evaluating the area with ImagelJ,
are compared for samples Hec-L and Hec-S. The sample Hec-L (Figure 11.6), which
was used as received from the synthesis, consists of large platelets with areas up to
800 pm?. We fabricated Hec-S from Hec-L by ultrasound treatment, which reduced
the platelet area by more than 3 orders of magnitude (<0.41m?, Figures 11.5 and
11.6). Due to an ultrathin platelet thickness of 1 nm, both samples still have high
aspect ratios (20000 and 300, respectively). The sonication procedure for platelet-
size reduction leaves the structure and chemical composition of Hec unaltered.
Infrared (IR) spectroscopy (Figure 11.2e) and X-ray photoelectron spectroscopy
(XPS) spectra (Figure 11.8) of both samples were measured to demonstrate this.
In the case of IR spectroscopy, four main signals are visible, which correspond to
(i) OH stretching vibrations of water or cation-OH stretching vibrations at platelet
edges, (ii) OH-bending vibrations of water, (iii) stretching vibration of SiO-groups in

tetrahedral sheets, and (iv) bending vibration of SiO-groups and stretching vibration
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of MgF-groups in octahedral sheets.[35) 37 Hec-L and Hec-S show good quantitative
agreement of all these characteristic absorption peaks. Similarly, fitting of the
element-specific bands in the XPS measurement results in comparable atomic ratios.
Overall, sonication of Hec-L only reduced the size of the Hec platelets and did not
affect the self-assembly, i.e., the basal spacing and order, as well as the chemical
composition. Counterintuitively, we found that small Hec sheets are still great
in-plane conductors. This can be explained by an in-plane mean free path that is
still orders of magnitude smaller than the average platelet diameter. Consequently,
boundary effects become negligible, which would typically lead to reduced thermal

conductivity. 27

(a) Sodium fluorohectorite (Hec) (b)
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Fig. 11.2: (a) Structure of a sodium fluorohectorite (Hec) platelet. Sodium counter ions
are located between two Hec platelets. (b) A cross-sectional TEM image of an
aligned smectic Hec film. White arrows illustrate the in-plane and cross-plane
directions. (c) SAXS results of aqueous Hec suspensions showing a rational series
of 00l-reflections. (d) XRD patterns of the freestanding Hec films showing intense
00l-reflections. Both samples have a basal spacing around 10 A. (e) IR spectra
prove the same chemical composition of both samples.

For GO, it is not possible to provide a chemical formula. Its chemical structure
is based on graphene, but GO is ill-defined, and the number of defects, i.e., va-
cancies/holes in the 2D structure and functional groups, strongly depends on the
synthesis route.[28 Figure 3a shows an exemplary structure of GO having various
functional defects (epoxide, hydroxyl, and carboxylic groups) as well as a hole.[31):[38]
SAXS was used to further investigate the graphene oxide dispersions of about
3.5wt%. Diluted graphene oxide dispersions are expected to form a nematic liquid
crystalline phase in water via ordering of the sheets.® The scattering intensity
I(q) values of the two GO suspensions decrease with the scattering vector ¢, fol-

lowing a ¢ 2 power law (Figure 11.3c). This scaling law is typically obtained for
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platelet-shaped scattering objects and proves the 2D morphology of the dispersed
graphene oxide layers. The graphene oxide dispersions exhibit an anisotropic 2D
SAXS pattern (Figure 11.4), indicating a nematic orientation. In contrast, Hec in a
similar concentration shows additionally a series of 00l-reflection.* The absence of
these reflections in the case of GO is mainly attributed to a much more pronounced
dislocation of the lamellar order by slipping or tilting of the individual GO layers.
This strongly hints to a more heterogeneous charge distribution of the graphene
oxide sheets. Similar to the Hec samples, spray coating of dilute GO dispersions
led to aligned stacks of overlapping individual sheets, as can be seen from the SEM
image (Figure 11.3b). The white arrows highlight the directions of the in-plane
and cross-plane thermal conductivity measurements. The XRD patterns in Figure
11.3d show one weak, a rather broad, peak at 6 Al and no higher-order peaks as
typical for randomly interstratified structures with varying layer separation. Thus,
the stacking of the spray-coated GO sheets is less well-defined than that of the Hec
platelets. Furthermore, the GO layers (~6 A) are thinner than the Hec platelets
(~10A). The analysis of the sheet area (Figure 11.5) revealed that GO-syn is much
smaller than Hec-L, whereas GO-com is comparable to Hec-L but very broadly dis-
tributed (Figures 11.6 and 11.7). Both GO samples are, however, much larger than
Hec-S. Additionally, we measured Raman spectra (Figure 11.10) and XPS (Figure
11.3e and Figure 11.9) to analyze the degree of functional defects of the GO samples.
The intensity ratios of the D and G bands (Ip/Ig) of both samples are around 1,
which is a measure for a high number of defects within the graphene-based structure.
The overview XPS spectra (Figure 11.9) reveal the presence of carbon (C), oxygen
(O), and sulfur (S). The latter stems from sulfate groups and is typical for GO made
by the Hummers-Offeman protocols.28 Integrating over the various Cls species
revealed that the main difference between the GO samples is the ratio of pristine
sp? vs oxygenated C atoms. Figure 11.3e shows the Cls XPS spectra of GO-syn
and GO-com. Three main peaks are visible, which are assigned to double-bonded
carbon-oxygen (C=0; ~288.3¢eV), single-bonded carbon-oxygen (C-O; ~286.8eV),
and sp? and sp® carbon (C=C/C-C; ~284.7 eV).[lo] GO-com has a higher amount
of oxygen-containing functional groups such as hydroxyl, epoxide, carbonyl, and

carboxyl groups than GO-syn.

Since we found a 2 times lower in-plane thermal diffusivity for GO-com in comparison
to GO-syn, we conclude that the difference in the degree of oxidation has a high
impact on the in-plane thermal transport. These findings also support the results of
Meng et al.l¥! They investigated GO samples with different degrees of oxidation. In
agreement with our findings, the sample with a higher degree of oxidation showed a
lower thermal conductivity. The reason is the decrease in sp? cluster size with an
increasing amount of oxygen in the structure and holes in the 2D structure produced
by overoxidation.! Consequently, phonon scattering is enhanced by the likewise

increased sp? / sp® boundaries. ")
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Fig. 11.3: (a) Exemplary structure of graphene oxide (GO). (b) SEM image of an aligned
GO film. White arrows illustrate the in-plane and cross-plane directions. (c)
SAXS results of GO suspensions showing a g 2 scaling of the scattering intensity.
(d) XRD patterns show no long-range order. Both samples have a spacing of
approximately 6 A. (e) XPS data of the carbon signatures.

Before closing, we want to add a few words to put our results in the right context.
Clearly, the absolute (in-plane) thermal conductivity values reported here are not
as high as for hydrophobic graphitic materials or hexagonal boron nitride. The
major distinction between such materials and our Hec and GO samples, however,
lies in the processing conditions of water-dispersible two-dimensional materials
with fully delaminated sheets. This makes especially Hec attractive for various
applications where spray coating and mild processing conditions are indispensable
for the final functional component. When comparing Hec and GO, we consider Hec
to be superior owing to its well-defined chemical structure, better reproducibility,
and higher thermal transport values. Furthermore, the Hec presented here has not
yet been optimized for optimum thermal transport properties. In combination with
other benign properties such as gas barrier properties or optical transparency, we
expect that this material class will have an increasing impact on functional 2D

materials.

11.4 Conclusions

In this study, we investigated the anisotropic thermal transport properties of thin

films of synthetic clay sodium fluorohectorite (Hec) films and graphene oxide (GO).

Whereas these materials are often used in the context of nanocomposite materials, we

11.4 Conclusions
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focused on the pure phase components and their thermal transport properties. The
properties of such 2D materials are strongly governed by the chemical composition,
vacancy defects in the layer structure, and the platelet size. We, therefore, determined
the thermal transport properties of four different samples. All of them were fabricated
into (freestanding) thin films via spray coating of diluted dispersions of Hec and GO.
The superior long-range order in Hec films results in a significantly higher anisotropy
ratio than the GO samples. Quite remarkably, the in-plane thermal conductivity
reaches very high values of up to 5.7 W/mK, which makes Hec an attractive material
for heat spreading applications. GO in its oxidized form as received directly after
spray coating features in-plane thermal conductivities on the order of only 1 W/mK.
The thermal transport properties are strongly affected by the chemical composition
of the GO samples. In particular, the in-plane thermal conductivity is reduced
with increasing degree of functional groups containing oxygen. The cross-plane
thermal conductivity is hardly affected and remains at a low value of ~0.12 W /mK.
Surprisingly, the platelet size does not influence the in-plane thermal conductivity,
which can be concluded from comparing Hec-L. and Hec-S films. The chemical
composition remained unaltered between large and small platelets of Hec. However,
even though the platelet diameters were drastically reduced by approximately 2

orders of magnitude, the superior in-plane heat spreading properties were retained.

Overall, anisotropic heat transport is gaining increased attention in applications of
thermal interface materials or heat management in light-emitting diodes or batteries.
Our contribution provides a better understanding of the interplay between platelet
size and chemical composition on the direction-dependent thermal conductivity. Fur-
thermore, synthetic hectorite is an up-and-coming alternative to the more established
GO and hBN heat spreading materials.

11.5 Materials and Methods

11.5.1 Sample Preparation and Characterization

The synthetic clay sodium fluorohectorite (Hec, [Nauo.5]inte]r [Mg2 5Lig 5] [Sis]**O19F2)
was delaminated by immersing it into Millipore water (0.5 wt%). For the synthesis
of the small Hec platelets (Hec-S), a 0.5 wt% suspension of Hec-L. was sonicated in
an ice bath with the ultrasonic device UIP 1000hd. GO-syn, based on the Hum-
mers-Offeman method, was synthesized according to an established procedure. 2!
GO-com was provided by Hangzhou Gaoxi Technology Co. Ltd. (China). The
self-supporting films and the thinner films sprayed on a glass substrate were prepared
with a fully automatic spray coating system. Every spraying cycle was followed by

a drying cycle of 90s at a temperature of 55°C. The films were characterized by

Chapter 11 Anisotropic Thermal Transport in 2D Materials



X-ray diffraction, transmission electron microscopy, scanning electron microscopy,
X-ray photoelectron, infrared, and Raman spectroscopy. Additional information
about the sample preparation and characterization methods can be found in Section

11.7.1 (Supporting Information).

11.5.2 Thermal Conductivity Measurements

In-Plane Thermal Conductivity Measurements

Lock-in thermography measures the temperature spreading within thin, freestanding
samples upon thermal excitation by an intensity-modulated, focused laser beam.
Measurements were conducted in vacuum to prevent heat losses due to conduction
and convection. The amplitude and phase data were obtained from the temperature
oscillations. The slope method for thermally thin films was used to calculate the
in-plane thermal diffusivity from the linear profiles of the radial phase and amplitude
profiles.*] In combination with the density, determined by helium pycnometry,
and the specific heat capacity, determined by differential scanning calorimetry, the
in-plane thermal conductivity can be calculated. More details are provided in Section

11.7.2 (Supporting Information).

Cross-plane Thermal Conductivity Measurements

The photoacoustic method exploits the photoacoustic effect to determine the thermal

[42},43] The sample was fixed to a gas-tight glass cell filled

properties of a sample.
with 20 psi helium. A modulated laser beam was run through the cell volume and
periodically heated the transducer layer on the top of the sample. The induced
pressure change on the surface of the sample led to an acoustic wave propagating
into the gas. A microphone, coupled to a lock-in amplifier, detected the phase shift
between the acoustic signal and the modulated laser dependent on the frequency. By
comparing the data to a multilayer model describing the temperature distribution
in the sample, the total layer resistance of the sample was obtained. Together with
the film thickness determined by atomic force microscopy, the effective thermal
conductivity was calculated. Details about the photoacoustic characterization can

be found in Section 11.7.2 (Supporting Information).

11.5 Materials and Methods
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11.7 Supporting Information

11.7.1 Sample preparation and characterization

Materials

The synthetic clay sodium fluorohectorite (Hec, [Na0.5]inter [Mg2.5Lig 5] [Sis]**O19F2)
was synthesizedwith high-purity reagents of SiOs, LiF, MgFs, MgO and NaF in a
gastight molybdenum cruciblevia melt synthesisaccording to an already published
procedure.l] To improve the charge density of the clay platelets and relating thereto
the intracrystalline reactivity, the melt synthesis isfollowed by long-term annealin-
gat 1045°C for 6 weeks.[? The material featured a cation exchange capacity of
1.27 mmol/g.l"2] This sample is called Hec-L. For the fabrication of the small Hec
platelets (Hec-S), a 0.5 wt% suspension of Hec-L. was sonicated for 15 minutes in
an ice bath with the ultrasonic device UIP 1000hd (Hielscher Ultrasonic GmbH,
Germany), equipped with aultrasonic horn BS2d22 and a booster B2-1.2; at 20 kHz
with a maximal output power of 1000 W. GO-syn, based on Hummers/Offeman’s
method, was synthesized according to an established procedure.?! GO-com was
provided by Hangzhou Gaoxi Technology Co. Ltd. (China).

Film preparation

For the delamination, the synthetic Hec was immersed into Millipore water (0.5 wt%).
The complete delamination was studied by small-angle X-ray scattering (SAXS).*
The self-supporting films of Hec and GO were prepared by spray coating of 0.5 wt%
suspensions of the respective material. The fully automatic spray coating system
was equipped with a SATA 4000 LAB HVLP 1.0 mm spray gun (SATA GmbH &
Co. KG, Germany). Suspensions were sprayed on a corona-treated polyethylene
terephthalate (PET) foil (optimont 501, bleher Folientechnik, Germany). The
spraying and nozzle pressure were set constant at values of 2 and 4 bar, respectively.
The round per flat fan control was set to 6 with a flow speed of 3mL/s. The
distance between the spraying gun and the substrate was 17 cm. The thickness of
the suspension layer applied in one spraying step is about 2 pm which corresponds
to about 20nm dry film thickness. For drying the suspension layer, the sample is
stopped under infrared lamps until evaporation of the solvent is complete. After
every spraying cycle, a drying cycle of 90s with a temperature of 55 °C took place.
The spraying/drying cycle is repeated until the desired barrier film thickness of
50 pm is obtained. Afterward, the film was dried at 100 °C for 3 days and peeled
off from the PET foil for achieving self-supporting films. For characterization by
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photoacoustic analysis thinner films on the order of a few pm were spray-coated
onto clean 1 mm microscope glass slides. In total, we prepared four different samples:
Hec-L, Hec-S, GO-syn, and GO-com.

Small-angle X-ray Scattering (SAXS)

All SAXS data were measured using the small-angle X-ray system “Double Ganesha
ATIR” (SAXSLAB, Denmark). The X-ray source of this laboratory-based system is a
rotating anode (copper, MicroMax 007HF, Rigaku Corporation, Japan), providing
a micro-focused beam. The data were recorded by a position-sensitive detector
(PILATUS 300 K, Dectris). To cover the range of scattering vectors different detector
positions were used. The measurements of the suspensions were done in 1 mm glass
capillaries (Hilgenberg, code 4007610, Germany) at room temperature. To improve
the detection limit of the in-house machine, the suspensions were first concentrated
by centrifugation at 10.000 rpm for 1 hour. The data were radially averaged and

background corrected. As background, a water-filled capillary was used.

qy/ nm-! gy/ nm-'
2

[109
108 1

|103

102
s107

106
[105

101

[100

-1

-1 0 1 2 -1 0 1

qx/ nm™! qx/ nm™!

Fig. 11.4: 2D SAXS patterns of an aqueous Hec suspension (left) and an aqueous GO
suspension (right).

X-ray diffraction (XRD) analysis

XRD patterns for the films were recorded in Bragg-Brentano-geometry on an
Empyrean diffractometer (PANalytical B.V.; the Netherlands) using Cu K, ra-
diation (A = 1.54187 A) The self-supporting films were placed on glass slides
(Menzel-Glaser; Thermo Scientific). Before the measurements, samples were dried

at 100 °C for one week in a vacuum chamber. As a measure of the quality of the
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one-dimensional crystallinity of the films, the coefficient of variation (CV) and
the full width at half maximum (FWHM) were determined (Table 11.1). Large
CV-values (~3 %,!%) and large FWHM indicate non-rationality of the diffraction

pattern as caused by a random interstratification of different interlayer heights.

Tab. 11.1: Overview of the structural characterization by XRD

Sample Description dxrp [A] CV [%] FWHM [°20]

Hec-. Large Hec platelets  10.1 1.6 0.7
Hec-S Small Hec platelets  10.0 1.1 0.6
GO-syn Synthetic GO 6.2 - 3.1
GO-con Commercial GO 6.1 - 3.5

Transmission electron microscopy (TEM)

TEM images of the samples Hec-L. and Hec-S were taken on a JEOL JEM-2200FS
(JEOL GmbH, Germany) at an acceleration voltage of 200kV. Cross-section pictures
of the self-supporting films were prepared with a Cryo Ion Slicer IB-09060CIS (JEOL,

Germany).

Scanning electron microscopy (SEM)

SEM images were taken with a Zeiss Ultra plus (Carl Zeiss AG, Germany) at an
operating voltage of 3kV. Samples were prepared by drop coating a 0.001 wt%
solution on a plasma-treated silicon wafer. The samples with Hec were sputtered
with 10 nm carbon. For analyzing the area of the platelets, ImageJ was used, and at
least 100 platelets were evaluated. Figure 11.5 shows the histograms of the platelet
areas of Hec (a) and GO (b) samples. Figure 11.6 and 11.7 show exemplary SEM
pictures of Hec and GO, respectively.

Cross-sections of the films were prepared by cutting the self-supporting films with a

razor blade and sputtering with 10 nm carbon.
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Fig. 11.5: Histograms of platelet areas of Hec (a) and GO (b) samples evaluated from SEM
images.
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Fig. 11.6: SEM pictures of Hec-L (left) and Hec-S

(right).
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Fig. 11.7: SEM pictures of GO-com (left) and GO-syn (right).
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X-ray photoelectron spectroscopy (XPS)

XPS measurements were carried out using a Versa Probe III from Physical electronics.
Cu and Au were used for calibration. Shirley-type background-subtracted data is
presented. Scotch tape was used to fixate the sample films on the measurement
stage. The samples were sputtered with Argon after being introduced into the XPS
chamber to remove adsorbed hydrocarbons. To minimize charging effects, a charge
neutralization system was used. Figure 11.8 and 11.9 show the XPS spectra of Hec
and GO samples. Peaks used for calculation of the elemental composition (Table
11.2 and 11.3) are marked.
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Fig. 11.8: Overview XPS spectra of Hec-L (a) and Hec-S (b). Both spectra show the same
chemical composition (see Table 11.2).
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Fig. 11.9: Overview XPS spectra of GO-syn (a) and GO-com (b). Two main differences are
visible: GO-com contains more oxygen (O) than GO-syn, and GO-syn contains a
little amount of sulfur (S), whereas GO-com contains almost no sulfur (see table
11.3).

Tab. 11.2: Elemental composition of Hec samples extracted from XPS data.

Sample Na Mg Li Si (0] F

Hec-L 2.95% 10.67% 3.79% 18.26 % 54.06% 10.27 %
Hec-S 2.58% 10.72% 1.89% 18.90% 54.33% 11.57%
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Tab. 11.3: Elemental composition of GO samples extracted from XPS data.

Sample C (0) S

GO-syn 72.06% 26.70% 1.25%
GO-com 68.74% 30.94% 0.31%

Raman spectroscopy

Raman spectroscopy was performed with a Raman microscope (Horiba Scientific,
Olympus Ex41, A = 635nm) equipped with a Synapse CCD camera. The obtained
Raman spectra are shown in Figure 11.10. The intensity ratios of the D and G
band (Ip/Ig) of both samples are around 1, which is a measure for a high number
of defects(functional groups and holes)within the GO structure.
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Fig. 11.10: Raman spectra reveal a comparable degree of defects of both samples (Ip/Ig
the ratio for both samples is around 1).

Infrared (IR) spectroscopy

For IR spectra, a JASCO FT/IR-6100 Fourier transform IR spectrometer (JASCO

Corporation, Japan) with an attenuated total reflectance (ATR) unit was used.
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11.7.2 Thermal measurements

Two different methods were used to characterize the thermal transport properties of
the Hec and GO samples: lock-in thermography for the in-plane thermal diffusivity
and the photoacoustic method for the cross-plane thermal conductivity. For the
calculation of the in-plane thermal conductivity and the determination of the cross-
plane thermal conductivity, the density and the specific heat capacity are needed.
Therefore, Helium pycnometry and differential scanning calorimetry have been used.
Before all measurements, the samples have been dried for seven days at 100°C in a

vacuum oven.

Helium pycnometry

The density of the samples was obtained from helium pycnometry using an Ultrapyc
1200e (Quantachrome Instruments). First of all, the volume of the (empty) measure-
ment cell was measured. Then, small pieces of the free-standing films were weighed
into the sample cell with a nominal volume of 1.8cm®. One hundred runs were
conducted to measure the volume of the films at room temperature. By knowing
the mass (weighed on a fine balance) and the volume, the density of the samples

was calculated. The obtained densities are summarized in Table 11.4.

Tab. 11.4: Densities of Hec and GO films (measured at room temperature).

Sample Density [g/cm?]

Hec-L 2.73 +£0.01
Hec-S 2.57 +0.02
GO-syn  1.531+0.01
GO-con  1.54+0.01

Differential scanning calorimetry (DSC)

The specific heat capacity was determined by DSC measurements on a TA instru-
ments Discovery DSC 2500, according to the ASTM E1269 standard. Allsamples
were freeze ground for better processability and contact with the DSC pans. Before
the measurement, an isothermal step (1h, 100°C) was conducted to ensure dry
conditions. Subsequently, two heating cycles were performed, whereas only the
second cycle was evaluated. The temperature profile ranged in the case of the Hec
samples from —40 °C to 250 °C and in case of the GO samples from —40 °C to 100 °C
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using a heating rate of 20 K/ min with a nitrogen flow of 50 mL/ min. Triplicates of

each samplewere measured (Figure 11.11).
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Fig. 11.11: Specific heat capacity C'p versus temperature:(a) Hec-L and Hec-S. (b) GO-syn
and GO-com. The Cp at 25°C was used for the determination of the thermal
conductivity.

Lock-in thermography (LIT)

The in-plane thermal diffusivity of free-standing Hec and GO films was obtained by
lock-in thermography (LIT). Figure 11.12 shows the self-built LIT set-up. A laser

Vacuum

Temperature hETEET

of the sample

TIK] |
N Laser
H IR camera _ | = IP i Shutter 532 nm

— Lens
(f=15cm)

Sample

PC Shutter controller

Fig. 11.12: Scheme of the lock-in thermography set-up.The samples were measured in
a vacuum chamber to avoid heat losses (convection and conduction) to the
environment.

beam periodically heats the free-standingsample (Genesis MX 532-1000 SLM OPS,
Coherent, A = 532nm) focused onto the sample surface by a lens of 150 mm focal
length. For the modulation of the laser a shutter (SHO5/M, Thorlabs) controlled by
a shutter controller (SC10, Thorlabs) is used. The emitted infrared (IR) radiation of
the sample surface is detected in rear-face configuration (i.e. from the non-illuminated
side) by an Infratec VarioCAM HD research IR camera (spectral window: 7.5-14 pm).

The IR camera is equipped with a close-up lens which enables a spatial resolution
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of around 29um. Since heat conduction to the gas and convection lead to an
overestimation of the thermal diffusivity®:[ all samples were measured in a vacuum
(~3 x 1073 mbar).Furthermore, the Hec samples were coated with a 20 nm carbon
layer for enhanced laser absorption. The coating of the sample was facing to the IR
camera. Due to the blackish color of GO, the GO samples possess a proper laser

absorption, and therefore a coating was not necessary.

LIT measurements were performed using Infratec’s IRBISactiveonline software.

Measurements were conducted at several lock-in frequencies between 0.309 and
1.765 Hz. Furthermore, each measurement was averaged over several (800-2000)
lock-in periods to enhance the signal to noise ratio, with the first 100 periods
being discarded.The software calculates the amplitude and phase of the sample’s
temperature oscillations S-13automatically. Exemplary phase images are depicted in
Figure 11.13. The red point marks the focal point of the laser excitation and thus
the midpoint of the radial distribution.
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Fig. 11.13: Exemplary two-dimensional phase images measured at a frequency of 1.111 Hz.
The penetration depth of the temperature oscillations depends on the material’s
properties and decreases with decreasing thermal diffusivity. The red point in
the center of the phase image marks the focal point of the laser.

Radial profiles for the phase and amplitude images (Figure 11.14) are extracted

using a self-written Python script. The in-plane thermal diffusivity is calculated
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from the phase and amplitude slopes according to the slope method of a thermally
thin film:

MG - Mp(705) = m (11.1)
Here, my is the slope of the linear relation of the phase and the radial distance
Ty Myp(r.p0.5y is the slope of the linear relation of the natural logarithm of the
amplitude 7" multiplied by the square root of the radial distance 7, fiockin is the
lock-in frequency, and aip_plane is the in-plane thermal diffusivity. Three films have
been measured for each sample type. An average in-plane thermal diffusivity value

with a standard deviation was calculated from this data (Table 11.5).

Hec-L

¥, In(Tr*®) [a.u.]
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Fig. 11.14: Exemplary phase ® and amplitude profiles of Hec-L. The blue lines indicate
the regions where the linear fit was evaluated. This position is sufficiently far
away from the central excitation spot.!”

Tab. 11.5: In-plane thermal diffusivity values of Hec and GO films. Three films per sample
type were measured, and an average thermal diffusivity with a standard deviation
was calculated.

Sample In-plane thermal diffusivity [mm?/s]

Hec-L 2.35+0.03
Hec-S 2.36 = 0.01
GO-syn 1.24 £+ 0.02
GO-con 0.63 £0.01

Finally, the in-plane thermal conductivity was calculated from the in-plane thermal

diffusivity cvn-plane, the density p, and the specific heat capacity Cp:

Rin-plane = in-plane * P * C1P (112)

262 Chapter 11 Anisotropic Thermal Transport in 2D Materials



Photoacoustic method

The samples for the cross-plane thermal conductivity characterization were spray-
coated on glass substrates. A gold transducer layer (~150nm) was evaporated on
top of the samples. In the photoacoustic measurement, a modulated laser beam
(A = 150nm) periodically heats the sample. Due to the photoacoustic effect an

acoustic response is induced, which relies on the thermal properties of the sample.

The schematic layout of the measurement cell is shown in Figure 11.15a. The gas-
tight cell is filled with a helium pressure of 20 psi. The microphone (Bruel& Kjaer,
4398-A-011) connected to the cell detects the acoustic wave, which is induced by the
periodic heat conduction from the sample surface to the gas phase. The microphone
is linked to a lock-in amplifier with integrated signal generator (Zurich instruments,
HF2LI), as shown in Figure 11.15b. The signal generator targets the modulation
frequency for the electro-optic modulator (EOM, Conoptics, M25A) and therefore
controls the frequency of the laser beam. The lock-in amplifier then transfers the
acoustic signal into amplitude and phase shift concerning the modulation of the

incident laser beam.

a Modulated laser beam b Laser EOM PA Cell
He :@%_%b Microphone
1]
Sample on
glass substrate Lock-in Amplifier with

integrated Signal Generator

Fig. 11.15: Scheme of (a) the photoacoustic cell and (b) the whole setup.

For measurement, we performed a frequency sweep in a range from 110 Hz to 4000 Hz.
The phase shift signal is then normalized with the signal of a thermally thick glass
sample (1 mm) of known thermal properties. Figure 11.16 shows a representative
measurement curve together with the best fit. The fitting procedure was realized
according to Singh et al.8] Therefore,the generalized multilayer model of Hu et al.l¥!
is used. The model described the temperature distribution in the sample, assuming a
one-dimensional heat transfer. The unknown parameters contact resistance between
the gold layer and the sample, the thermal diffusivity of the sample, and the contact
resistance between sample and substrate are fitted to match the experimental data.
When fitting three parameters at the same time, the results for the individual
parameters may not accurately be predicted. However, it was found that the total
layer resistance (consisting of all three parameters) can be estimated with high

accuracy. The reason is the difference in sensitivity of the model on the individual
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parameters.1% Hence, we report only the total layer resistance. In addition to
that, we calculate the effective thermal conductivity of our samples.We estimated
based on literature datal!*:[12 that the thermal interface resistance between the
gold transducer layer and sample is on the order or less than 1078 Km?/W. We,
consequently, do not expect a significant influence of this interface on our calculation
of the effective thermal conductivity. The thermal conductivity is obtained by
dividing the total layer resistance by the sample thickness. AFM measurements
determined the sample thickness. We summarized the values of the total layer

resistance, the sample thickness and the resulting effective thermal conductivity in

Table 11.6.
®  Experimental
Best fit
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=
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Fig. 11.16: Representative photoacoustic measurement of the GO-syn sample with a thick-
ness of 446 nm. Normalized photoacoustic phase signal is dependent on the
frequency. The red line indicates the best fit.

Tab. 11.6: Summary of the photoacoustic measurements. The total layer resistance, the
thickness, and the resulting effective cross-plane thermal conductivity are given
for each sample.

Sample Total layer resistance Thickness Effective thermal conductivity

[mm?K /W] fum] (W /mK]
Hec-L 1.58 0.28 0.177
Hec-L 2.55 0.595 0.234
Hec-L 4.34 0.94 0.217
Hec-S 5.39 0.972 0.180
Hec-S 4.62 0.972 0.210
Hec-S 5.86 0.972 0.166
GO-syn 1.92 0.233 0.121
GO-syn 3.99 0.446 0.117
GO-syn 5.52 0.746 0.135
GO-com 1.43 0.179 0.125
GO-com 2.65 0.388 0.128
GO-com 4.50 0.589 0.131
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