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Summary

The transport of heat is part of our everyday life, whether we warm our hands at a bonfire, blow
dry our hair, or fry an egg for breakfast. However, in many cases heat does not voluntarily go
where it is needed. Instead, thermal energy is often even a harmful byproduct. Considering
current trends, such as global warming and miniaturization of electronic devices, it is evident
that we must expand our knowledge of thermal transport and improve our skills in controlling it.
Excess heat must be efficiently dissipated, for example from the human body or from localized
hot spots in electronics.

The analysis of hierarchically structured materials is of great interest in this context, as the
different size scales of structural features decouple the heat transport from the overarching
macroscopic architecture. Therefore, this thesis focuses on harnessing such structural hierarchies
to better understand and better tune heat transport. While the sample geometries in the four
projects comprising this work vary from one-dimensional fibers to two-dimensional membranes
and films to three dimensional architectures, they are all linked by establishing a relationship
between the structural hierarchies and thermal transport properties.

In the first of the four projects, self-assembled fibers of benzene-1,3,5-tricarboxamide (BTA)
molecules were investigated. By successfully determining their thermal diffusivity along the
fiber axis, this work provided an excellent opportunity to examine how heat propagates through
purely non-covalent interactions. Based on the systematic study of a series of BTAs with
varying side groups, the thermal transport properties were set into context of the BTA molecular
structures. Moreover, an initial assessment of the intermolecular bonding strengths within the
fibers provided valuable insight into the factors that govern supramolecular thermal transport.

The second project transitions from individual fibers to fiber networks, examining the effects
of anisotropy, post-processing treatments, and functionalization on thermal transport in non-
wovens. By comparing the thermal diffusivity of cold-pressed and annealed membranes with
different degrees of fiber alignment, we determined that increasing structural anisotropy en-
hances thermal anisotropy only to a certain extent. Our results highlight the crucial role of the
size and quality of fiber—fiber contacts. Furthermore, we demonstrated that incorporating highly
conductive fillers is ineffective when other conduction bottlenecks remain, and uncovered an
intriguing contrast in the response of electrical and thermal transport to structural anisotropy.

Shifting from the fundamentally oriented studies to more applied systems, the third project
investigates thermal transport in a copolymer of propylene and ethylene (racoPP), a material
widely used in industry. The influence of injection- and compression-molding, as well as BTA
additives, on the structural and thermal transport properties was analyzed. During processing,
the BTA molecules self-assemble, and the resulting fibrils can align with the flow direction,
providing oriented nucleation sites for anisotropic crystal growth of the polymer. Despite
these structural dependencies, the thermal transport properties proved highly resilient to both
nucleating agents and processing conditions.



In contrast to this resilience, the fourth project explores a system where thermal transport is
deliberately governed by structure. We achieved macroscopic control of crystallite orientation
in a fully recyclable all-PE material, enabling tunable, directional thermal transport. During
extrusion-based 3D printing, extended-chain nanocrystals were formed. These fiber-like shish
structures enable continuous thermal transport along the print direction. We found that the
resulting anisotropy in thermal diffusivity depends on the printing parameters and can be used
to control temperature distributions in two- and three-dimensional specimens by defining the
print directions accordingly. This project therefore offers a promising contribution to sustainable
thermal management applications.

Overall, this thesis examines thermal transport from multiple perspectives. While the projects
span different sample geometries and range in focus from fundamental questions to application-
oriented investigations, they consistently center on the crucial role of structural hierarchies in
governing heat transport.



Zusammenfassung

Der Transport von Wéarme ist Teil unseres Alltags, ob wir uns an einem Lagerfeuer die Hande
warmen, uns die Haare fohnen oder ein Ei zum Friihstiick braten. Jedoch gelangt Warme in
vielen Féllen nicht freiwillig dorthin, wo sie benotigt wird. Vielmehr stellt thermische Energie oft
sogar ein schadliches Nebenprodukt dar. Angesichts aktueller Entwicklungen wie der globalen
Erderwdrmung und der Miniaturisierung elektronischer Gerate ist es offensichtlich, dass wir
unser Wissen iiber den Warmetransport erweitern und unsere Fahigkeiten zu dessen Steuerung
verbessern miissen. Uberschiissige Wirme muss effizient abgefiihrt werden, etwa aus dem
menschlichen Korper oder aus lokalisierten Hot Spots in elektronischen Geréten.

Die Analyse hierarchisch aufgebauter Materialien ist in diesem Kontext von grof3em Interesse,
da die unterschiedlichen Grof3enskalen der strukturellen Einheiten den Wéarmetransport von der
iibergeordneten makroskopischen Architektur entkoppeln. Aus diesem Grund konzentriert sich
diese Arbeit darauf, solche strukturellen Hierarchien zu nutzen, um den Warmetransport besser
zu verstehen und gezielter zu steuern. Wahrend die Probengeometrien in den vier Projekte
dieser Arbeit von eindimensionalen Fasern iiber zweidimensionale Membranen und Folien bis
hin zu dreidimensionalen Architekturen variieren, sind sie alle miteinander verbunden, indem
sie die strukturellen Hierarchien mit den Eigenschaften des Warmetransports in Beziehung
setzen.

Im ersten der vier Projekte wurden selbstassemblierte Fasern aus Benzol-1,3,5-tricarboxamid
(BTA) Molekiilen untersucht. Durch die erfolgreiche Bestimmung ihrer thermischen Diffusivitét
entlang der Faserachse bot diese Arbeit eine ausgezeichnete Gelegenheit, zu untersuchen, wie
sich Warme durch rein nicht-kovalente Wechselwirkungen ausbreitet. Basierend auf der sys-
tematischen Untersuchung einer Reihe von BTAs mit unterschiedlichen Seitengruppen wurden
die Warmetransporteigenschaften in den Kontext der molekularen BTA-Strukturen gesetzt.
Dariiber hinaus lieferte eine erste Einschatzung der intermolekularen Bindungsstarken inner-
halb der Fasern wertvolle Einblicke in die Faktoren, die den supramolekularen Warmetransport
bestimmen.

Das zweite Projekt geht vom Studium einzelner Fasern zu Fasernetzwerken iiber und untersucht
die Auswirkungen von Anisotropie, Nachbehandlungen und Funktionalisierung auf den Warme-
transport in Vliesstoffen. Durch den Vergleich der thermischen Diffusivitidt von kaltgepressten
und getemperten Membranen mit unterschiedlichen Faserorientierungen stellten wir fest, dass
eine zunehmende strukturelle Anisotropie die thermische Anisotropie nur bis zu einem gewissen
Grad verstirkt. Unsere Ergebnisse betonen die entscheidende Rolle der Grofe und Qualitét
der Faser-Faser-Kontakte. Des Weiteren zeigten wir, dass die Einarbeitung von hochleitfahigen
Fiillstoffen ineffektiv ist, solange andere Limitierungen fiir die Warmeleitung bestehen und
deckten einen interessanten Kontrast im Verhalten des elektrischen und thermischen Transports
bei struktureller Anisotropie auf.
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Ubergehend von den grundlagenorientierten Studien zu stiarker anwendungsorientierten Sys-
temen, untersucht das dritte Projekt den Wéarmetransport in einem Copolymer aus Propylen
und Ethylen (racoPP), einem Material, das in der Industrie weit verbreitet ist. Die Einfliisse
von Spritzguss- und Formpress-Prozessen sowie von BTA-Additiven auf die strukturellen Eigen-
schaften und die thermischen Transporteigenschaften wurden analysiert. Wahrend der Ver-
arbeitung assemblieren sich die BTA-Molekiile, und die entstehenden Fibrillen kénnen sich
mit der Flussrichtung ausrichten, was orientierte Keime fiir das anisotrope Kristallwachstum
des Polymers liefert. Trotz dieser strukturellen Abhéngigkeiten erwiesen sich die Warmetrans-
porteigenschaften als sehr widerstandsféhig sowohl gegeniiber den Keimbildnern, als auch
gegeniiber den Verarbeitungsbedingungen.

Im Gegensatz zu dieser Widerstandsfdhigkeit untersucht das vierte Projekt ein System, in dem
der Warmetransport gezielt durch die Struktur gesteuert wird. Wir erreichten makroskopische
Kontrolle der Kristallitorientierung in einem vollstindig recycelbaren PE-Material und konnten
so einen gerichteten, steuerbaren Warmetransport realisieren. Wahrend des extrusionsbasierten
3D-Drucks entstanden Nanokristalle aus gestreckten Polymerketten. Diese faserdhnlichen
Shish-Strukturen ermoglichen einen kontinuierlichen Warmetransport entlang der Druckrich-
tung. Wir stellten fest, dass die resultierende Anisotropie der thermischen Diffusivitdt von
den Druckparametern abhingt und zur Steuerung von Temperaturverteilungen in zwei- und
dreidimensionalen Proben genutzt werden kann, indem die Druckrichtungen entsprechend
festgelegt werden. Dieses Projekt leistet somit einen vielversprechenden Beitrag zu nachhaltigen
Wirmemanagement-Anwendungen.

Insgesamt untersucht diese Arbeit den Warmetransport aus verschiedenen Blickwinkeln. Wéahrend
die Projekte unterschiedliche Probengeometrien umfassen und sich im Fokus von grundlegenden
Fragen bis hin zu anwendungsorientierten Untersuchungen erstrecken, stellen sie konsequent
die entscheidende Rolle von strukturellen Hierarchien fiir den Warmetransport in den Mit-
telpunkt.
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Introduction

1.1 Motivation

Heat is underrated - and I am not just saying this because I often feel cold. Sure, in contrast to
other energy transfer mechanisms, it doesn’t launch rockets, power the laptop I am working
on, or send us flying down a slide. But it’s always there, whether we ask for it or not. Maybe
not the hero of the story, but certainly the inevitable byproduct. This is based on the second
law of thermodynamics, which states that heat can never flow from a colder to a warmer body
without some other associated change, typically external work, occurring at the same time. !
This innocent-sounding law both challenges humankind and illustrates the universality of heat.
It cannot be avoided, so we have to deal with it. More specifically, this means we must learn
how to transport thermal energy efficiently away from places where it may cause harm toward
places where it is indifferent or desired.

A very current example are electronic devices. Inefficient conversion between chemical and
electrical energy leads to thermal energy. This energy needs to be transferred away from the heat
source and dissipated into the device’s surroundings to ensure high performance, reliability, and
safety.[23] The issue becomes increasingly pressing with ongoing miniaturization of electronic
devices, as heat generation becomes even more concentrated.!># Efficient thermal management
systems are required. A key to this challenge are suitable materials that efficiently conduct heat
without conducting electrons.!®! Beyond electronics, controlled thermal transport is also a key
concern in many other prominent fields, including aerospace, renewable energy systems or
fabrics.[®-8)] Depending on the application, the material must meet various criteria, ranging from
specific shape requirements and mechanical characteristics to anisotropic transport properties.
To meet the numerous and specific demands simple homogeneous materials are insufficient. In
contrast, hierarchical structures inherently introduce the complexity that is sometimes necessary,
making them particularly interesting for thermal management applications.

Their structural levels across multiple length scales implies significant variability. This is
undoubtedly a great advantage, but also means that a try-and-error approach is nonviable
for research. Instead, we must focus on understanding the complex transport processes. It
is essential to identify not only the key parameters that influence thermal transport but also
to grasp why they are crucial and why other factors can be disregarded. Knowledge is the
basis for rational material design. This principle stayed with me throughout my Ph.D. I
investigated thermal transport in hierarchical systems of different dimensionalities, placing
particular emphasis on structure-property relationships. While my work spans both fundamental
and applied research, an overarching aim has always been to contribute new insights into
thermal transport processes.

Certainly, all research on this topic is grounded in theoretical principles. Therefore, I will
introduce basic concepts of thermal energy transport in the following section (Section 1.2),
followed by a discussion of selected relevant work in the field (Section 1.2). Chapter 2 outlines
the techniques used for structural and thermal characterization, concluding Part I. In Part II I
give an overview of all projects in this thesis and describe my contributions to each. Finally, the
publications discussed in this work are presented in Part III.
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1.2 Basic Concepts of Thermal Transport

Thermal energy refers to the random motion of atoms and molecules within a material. It is
closely linked to the material’s temperature, which is a measure of the average kinetic energy
of the moving particles.[”) According to the second law of thermodynamics, thermal energy is
spontaneously transferred from regions of higher temperature to those of lower temperature,
increasing the overall entropy of the universe in the process.[! This transfer can occur through
three fundamental mechanisms: radiation, convection, and conduction (Figure 1.1). In the
following pages, I will provide a concise overview of key concepts and laws related to these
forms of heat transport, beginning with radiation.

Convection

Radiation N
Conduction

e
NS\

Q@

Figure 1.1: Schematic illustration of the three heat transfer mechanisms: radiation, convection, and
conduction, depicted in a campfire scenario.

Radiative heat transfer is the emission or absorption of electromagnetic waves. It allows heat
transfer even through vacuum. Although the spectrum of thermal radiation lies mainly in the
infrared range, it can also include shorter wavelengths, as displayed by the energy emitted by the
sun. When a radiant heat flux, commonly measured in watts per square meter, impinges on the
surface of a body, a fraction of the incident energy is transmitted through the material, a fraction
is reflected, and the remainder is absorbed. These fractions are referred to as transmittance ,
reflectance p and absorptance «, respectively!%

l=7+p+a 1.1

A theoretical material that absorbs all incident radiation, and neither reflects or transmits any of
it, regardless of wavelength or angle of incidence, is called a black body.['! The radiative power
By, emitted by a black body at a certain temperature 7' per unit solid angle, per unit surface
area, and per unit wavelength ) is called spectral radiance. It is given by Planck’s law, where ¢
is the speed of light, kp is Boltzmann’s constant, and h is Planck’s constant.!1?]

2
JENEW ) P a— (1.2)
A° exp(kB:‘;/\) -1

The spectral emissive power is obtained by integrating Planck’s Law over all solid angles,
resulting in the power emitted per unit surface area, per unit wavelength. A black body defines
the theoretical upper limit for this quantity. No macroscopic material can emit more power
per unit area in the far-field regime at a given wavelength than a black body at the same
temperature.[1%13] As temperature increases, the wavelength corresponding to the peak spectral
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emissive power shifts to shorter wavelengths. Therefore, the maximum spectral emissive power
of a black body at room temperature lies in the far-infrared range, while the Sun, which can
be approximated as a black body, emits most strongly in the visible range (Figure 1.2). This
temperature dependence of the peak wavelength is described by Wien’s displacement law. 4]

b
>\maw = T (13)
where:

b=12898-10"*mK (1.4
' UV VIS NearlR Far IR
= 4 ] — 5777K
oco (Sun)
2 3 500 K
o 400 K
S —— 300K
a2
(]
=
3
£,
L
T
6 0 T T T
& 10 10° 10’

Wavelength / pm

Figure 1.2: Spectral emissive power of a black body at various temperatures. Dotted lines indicate the
wavelengths corresponding to the maximum spectral emissive power for each temperature.

Integrating the spectral emissive power over all wavelengths results in the black body’s total
emissive power P,(7T), which strongly increases with temperature as given by the Stefan-
Boltzmann law.[15-17]
P(T)=oT* (1.5)
where:
_ 2m5k%

~ —8 —27-—4

In reality, we do not encounter perfect absorbers or emitters. Instead, all materials absorb and
emit less radiation than an ideal black body. The radiative behavior of such real-world materials
is described by the spectral emittance ). Since black bodies define the upper limit of emissive
power, the spectral emittance of any actual material must lie between zero and one.

€\ = M 1.7)

Py(T, \)

As mentioned earlier, black bodies are ideal emitters as well as ideal absorbers of radiation.
Kirchhoff’s law explains that this isn’t just a coincidence. In its general form, the law states that
a material in thermal equilibrium emits as much radiation as it absorbs, at every wavelength and
in every direction.!'!) For the case where emission and absorption are independent of direction,
Kirchhoff’s law is expressed as:

ex(T) = ax(T) (1.8)

Importantly, this relation holds at each individual wavelength but does not imply that the
total emittance e equals to the total absorptance «. These are only equal when the incident

1.2 Basic Concepts of Thermal Transport
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radiation P;,. matches the black body spectrum or when the emittance and absorptance are
constant across wavelengths. Although some real materials, copper for instance, nearly exhibit
wavelength-independent emittance and absorptance, this is not generally the case, and the total
emittance and total absorptance typically differ.[**]

_ SG)\Pb’)\(T)d)\ Sa)\Pinc’)\(T)dA .

e(T) Spb’)\(T) d\ SPinc,)\(T) i - a(T) (1.9)

In practice radiative exchange often takes place under non-equilibrium conditions. A familiar
example is sitting near a campfire on a cool evening. Your skin and clothes feel warm because
they absorb more infrared radiation from the fire than they emit themselves (Figure 1.1). In
this case, radiative exchange is clearly unbalanced. Yet radiation is only part of the story. When
holding your hands above the flames, rising hot air makes convective heat transfer obvious, a
heat transfer mechanism I will now turn my attention to.

Convection is the process of heat transfer through bulk movement of fluid, which may be in the
form of a liquid or gas. The macroscopic motion of fluid particles carries the thermal energy
across distances./1?! For example, the hot air above a bonfire has a lower density than the
surrounding cooler air and rises, transporting the kinetic energy of the gas molecules with it
(Figure 1.1). When fluid motion arises from temperature-induced density gradients, the process
is called natural or free convection.!'81% In contrast, forced convection occurs when external
forces, such as fans or pumps, drive the fluid motion.['®! When a solid body is placed in the
fluid, the rate of heat transfer per unit area, termed heat flux ¢, is approximated by Newton’s
law of cooling:

qg=hAT (1.10)

Here, h denotes the convective heat transfer coefficient, and AT is the temperature difference
between the surface of the body and the undisturbed fluid far away from it.['%2%) Although
Newton’s law of cooling often provides reasonable approximations for convective heat transfer, it
is only valid when the fluid temperature remains nearly constant and radiative heat transfer can
be neglected.!?! The heat transfer coefficient is not a universal constant. It varies significantly
depending on several factors, including the temperature difference between the body and the
fluid, surface roughness, geometry, and the nature and velocity of the fluid.!1%21

Finally, I will focus on the thermal transport mechanism that is most relevant to my work:
thermal conduction. Conduction occurs in solids, liquids, and gases, but unlike convection, it
does not rely on the bulk movement of the material. Instead, thermal energy is transferred
through interactions between the energy carriers, such as molecular collisions or vibrations
of atoms in a lattice. The rate at which heat is conducted by a material is described by
Fourier’s law of heat conduction, which relates the heat flux ¢ to the corresponding temperature
gradient V7.[10:22]

qd=—-kvVT (1.1

The equation can be simplified to its scalar form when considering steady-state, one dimensional
heat transfer!1%):

0=k (1.12)

Here, AT is the temperature difference between the warm and the cold side of the medium
and L is the corresponding distance over which heat is conducted. The coefficient & is the
thermal conductivity, a material-specific property that quantifies the efficiency with which heat
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is conducted.!1%22] Returning to the bonfire example, thermal conductivity is the reason we
prefer a wooden stick over a steel one when roasting marshmallows. Wood, with its lower
thermal conductivity, transfers less energy per second from the hot fire to our cooler hand
(Figure 1.1).

However, the rate at which a material responds to a temperature change is not directly deter-
mined by its thermal conductivity. Instead, it is governed by the thermal diffusivity a, which is
related to the thermal conductivity by the following expression. (%]

k
=

= — (1.13)
pChp

Here, p is the density and C,, is the specific heat capacity. While thermal conductivity tells us
how much heat is conducted, thermal diffusivity describes how fast that heat spreads through a
material. In the bonfire example, diffusivity determines how fast the heat, once transferred into
the stick, travels to your hand. Although the two properties are related, their physical meanings
are distinct. Air, for instance, has a very low thermal conductivity (0.026 Wm~! K~1), but its
low density and heat capacity result in a thermal diffusivity of about 22 - 10 m? s~!, which is
surprisingly comparable to that of nickel (23 - 106 m? s~1).[?3] As visualized in Figure 1.3, both
properties vary widely among materials, reflecting differences in the fundamental mechanisms
by which materials conduct heat. These mechanisms are explored across different material
classes in the following sections.

104 3
103?
102?

10! 5

k/Wm-tK1

100?

10_1€

10_2 T T T T T
102 107! 10° 10! 102 103 10%
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Figure 1.3: Thermal conductivity k versus thermal diffusivity o for a wide variety of homogeneous
materials. Adapted with permission from!?3!.

When a gas is heated, for example by a radiator, the kinetic energy of nearby molecules increases,
causing them to move more rapidly. These faster-moving molecules collide with neighboring
ones, transferring energy and increasing their velocity. As this chain of collisions continues, heat
propagates through the gas.!'%! Importantly, this process of conduction must be distinguished
from the convection mechanism discussed earlier, where energy is transported by the bulk
motion of the gas rather than passed between individual molecules.

The efficiency of conductive energy transfer depends not only on the nature of the molecules but
also on factors such as the average molecular velocity v, volumetric specific heat capacity Cy,
and mean free path \j,;, which is the average distance a molecule travels between collisions.

1.2 Basic Concepts of Thermal Transport
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Assuming the gas behaves ideally and that collisions are purely elastic, the kinetic theory yields

an expression for its thermal conductivity.[*#

k=-vCy Ay (1.14)
Heat transfer in liquids is often described as similar to that in gases, driven by the transfer of
kinetic energy during molecular collisions. However, the significantly closer molecular spacing
in liquids leads to higher thermal conductivity values. The dominant role of intermolecular
interactions makes the situation more complex, and some approaches draw parallels between
thermal conduction in liquids and in non-metallic solids. In the latter the atomic cores have
fixed relative positions and the heat transfer is governed primarily by vibrations of the lattice
around equilibrium. 2]

s.[2526] They can be

The quantized modes of lattice vibrations in a solid are called phonon
grouped into two main branches: acoustic phonons, where atoms in the lattice vibrate in
phase, and optical phonons, where the atoms vibrate out of phase. Acoustic phonons are
associated with low-frequency, long-wavelength vibrations, while optical phonons exhibit higher
frequencies and can interact with light.?7-28] Each of these branches can further be divided into
longitudinal and transverse modes, depending on the polarization: in longitudinal modes the
atomic displacement is parallel to the phonon wave vector, whereas in transverse modes it is

perpendicular (Figure 1.4).127)
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Figure 1.4: Scheme of phonons in a diatomic linear lattice, displayed by the particle displacements for a
a) transverse acoustic mode, b) longitudinal acoustic mode, c) transverse optical mode, and
d) longitudinal optical mode.

In crystalline electrically insulating solids phonons dominate heat conduction, and their fre-
quencies span a broad spectrum, with an upper limit defined by the material-specific Debye
frequency vp. This frequency is related to the Debye temperature, an important parameter for
comparing the thermal behavior of different solid materials.?42°!

hl/D
b0 =Ty

(1.15)
Above the Debye temperature the molar phonon heat capacity Cy.,,, , approaches a constant
value of 3 R, where R is the ideal gas constant. This occurs because each atom effectively
contributes three vibrational degrees of freedom, all of which are thermally excited. Below the
Debye temperature, however, not all phonon modes are active, resulting in a heat capacity that
scales with 7. This characteristic behavior is known as the Debye law and successfully captures
the behavior of many crystalline solids. 24

Chapter 1 Introduction



To better understand phonon thermal conductivity, it is essential to consider the group velocity
vy, which describes the speed at which vibrational energy is carried by a specific phonon mode.
Physically, it represents the transmission velocity of a wave packet and is defined by the gradient
of the phonon frequency w with respect to the phonon wave vector ¢.2”!

_dw

vy = (1.16)

The group velocity is influenced by the bonding strength in the material. It is related to the
force constant C' between neighboring planes in the crystal lattice, the atomic mass m, and the
lattice spacing a.!?”) Stronger bonding leads to higher phonon group velocities, underlining the
importance of interatomic interactions for thermal transport properties.

Vg = a\/gcos (%) (117

Drawing an analogy to the kinetic theory of gases the thermal conductivity of phonons %, can
be estimated by following equation.[2>-3]

1 _ _
kp = gl/g Cvp )\IV[p (118)

Here, 7, is the average group velocity, Cy, is the volumetric heat capacity, and Ay, is the
phonon mean free path before scattering. When using the Debye-derived volumetric heat
capacities Cy, this equation leads to a 7° dependence of thermal conductivity at very low
temperatures, where phonon-phonon interactions are negligible, and the mean free path is
approximately temperature-independent. At higher temperatures, the heat capacity becomes
nearly constant, but as the temperature approaches the Debye temperature, phonon-phonon
interactions begin to dominate. These interactions reduce the mean free path of phonons,
which becomes inversely proportional to temperature. As a result, thermal conductivity declines
accordingly.!92>26]

Despite its usefulness, this expression (1.18) is a simplification. In real materials heat capacity,
group velocity and phonon mean free path vary with phonon frequency. A more accurate
description therefore requires summing over the contributions of all individual phonon modes
;.1311

1
%:gZ%ﬂwMi (1.19)

While the basic nature of phonons and their role in heat conduction has now been introduced,
the processes that limit their propagation remain to be discussed. The following section
will therefore focus on the various scattering mechanisms that influence phonon transport in
materials.

Phonon-phonon scattering arises from the anharmonicity of lattice potentials, meaning the
potential energy is not a quadratic function of atomic displacements but includes higher-order
terms. These anharmonic contributions enable interactions between lattice vibrations, a process
referred to as phonon-phonon scattering.[?%3%! Such scattering events are commonly classified
into Normal (N-) and Umklapp (U-) processes. In a simplified but accessible description, N-
processes do not contribute to the thermal resistance, as the crystal momentum is conserved.
In contrast, U-processes involve a momentum transfer to the lattice, thereby causing thermal
resistance.[®%32! Figure 1.5 a schematically shows that for U-processes to occur, the phonon

1.2 Basic Concepts of Thermal Transport
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wave vectors ¢ must be large enough that their sum exceeds the first Brillouin zone. This
zone represents a primitive cell in reciprocal space defined by the crystal’s symmetry. Any
wave vector exceeding the first Brillouin zone can be mapped back into it by subtracting an
appropriate reciprocal lattice vector G. For acoustic modes the wave vector generally increases
with phonon frequency, so higher-frequency phonons are more likely to undergo U-processes.?”!
Mathematically the N- and U- process are described as follows.!33]

0 N — process (1.20)

J’_ — (2 =
GG { G U — process

So far an ideal, defect-free crystal was assumed, where phonon-phonon interactions are the
only scattering mechanism. While this is a valid approximation for many materials, real
materials often exhibit additional phonon scattering mechanisms. At low temperatures, when
the phonon mean free path becomes comparable to the dimensions of the material, boundary
scattering becomes dominant and the thermal conductivity becomes dependent on the size of
the crystal.[?”) This is also true at room temperature in nanostructures and thin films, where
the dimensions are sufficiently small. Similarly, grain boundaries can limit thermal transport.
Moreover, lattice defects and atomic impurities serve as scattering sites, particularly affecting
high-frequency phonons.*# Figure 1.5 b provides a summary of these extrinsic scattering

mechanisms.
a b
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Figure 1.5: Schematic illustration of phonon scattering mechanisms. a) Normal- and Umklapp- phonon
collision process. The square represents the first Brillouin zone. b) Scattering of phonons at
boundaries, grain boundaries, defects or impurities.

In contrast to crystalline solids, amorphous materials lack long-range order. This raises the
question of how heat is transported through such disordered structures, given that phonons
with their well-defined wave vectors are not applicable in the absence of translational sym-
metry. Instead the normal modes of vibration can be categorized into diffusons, locons and
propagons. [3%:35]

Among these, propagons most closely resemble phonons. They are delocalized low-frequency
modes that can propagate ballistically over several atom distances before scattering. Like
phonons, propagons can be characterized by well-defined wave vectors and wavelengths. In
contrast, diffusons are non-propagating delocalized modes, typically associated with intermedi-
ate frequencies. They contribute to thermal transport via a diffusion-like mechanism, and often
dominate heat conduction in amorphous materials. Finally, locons are localized non-propagating
modes, commonly associated with high frequencies and often present where there is a strong
deviation in the local atomic coordination. Their contributions to thermal transport are usually

negligible.[30:35-37]

Moreover, the temperature dependence of thermal conductivity in amorphous materials differs
from that observed in crystals. At very low temperatures, it scales approximately with 72. As
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temperature increases, the rise in thermal conductivity becomes more gradual and eventually
reaches a plateau between 5 K and 15 K. At higher temperatures, it increases again and becomes
roughly proportional to the specific heat capacity.[>®

As a result of the less efficient transport mechanisms, amorphous materials typically exhibit a
lower thermal conductivity than crystalline structures. For example, diamond at 300 K has a
thermal conductivity of 2300 W m~! K~!, whereas its counterpart, amorphous carbon, exhibits
a thermal conductivity of only 1.6 Wm~! K~1,[3

Although the differences in thermal conductivity between dielectric crystals and amorphous
materials can be substantial, heat transport in both cases is governed by atomic vibrations. In
contrast, thermal conduction in pure metals is primarily dominated by mobile electrons. The
valence electrons of the metal atoms are free to move throughout the lattice, forming an electron
gas. Unlike phonons, these delocalized electrons serve not only as the primary heat carriers in
metals but also the carriers of electrical current.[?>27] As a result, there is a strong link between

thermal and electrical transport in metals, which can be quantified by the Wiedemann-Franz
law. [27:40]
k

L= =T (1.21)

Here, L is the Lorenz number and o is the electrical conductivity. The Lorenz number reflects

the degree to which heat and electrical conduction are coupled in a given material. For an

ideal metal, in which electrons are the only heat carriers, the Lorenz number becomes a
material-independent constant, known as the ideal Lorenz number L.

ke mkg®

wQ
Ly = =2 —9244.108
T 5T 3e2 0 K?

(1.22)

However, impurities and structural disorder reduce the electron mean free path, and the
contribution of phonons to the thermal conductivity becomes non-negligible.

k= ke + ko (1.23)

These additional phonon contributions and the resulting electron-phonon scattering are the
primary reasons why real metals deviate from the ideal Lorenz number.[4!! Nonetheless, the
theoretical value agrees remarkably well with experimental measurements for many pure
metals.[27:41]

With this, the primary thermal transport mechanisms have been introduced: radiation, convec-
tion, and conduction in dielectric solids, both crystalline and amorphous, as well as in metals.
However, the mechanisms are not always strictly separable. In many systems such as polymers,
composites, and hybrid materials multiple conductive transport pathways coexist. Crystalline
and amorphous regions, metallic fillers, strength of intra- or intermolecular interactions, and
interfaces can all influence heat transport. Current research focuses on deepening the under-
standing of these complex mechanisms and correlations, leveraging this knowledge to design
materials with targeted thermal performance. %43

1.2 Basic Concepts of Thermal Transport
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1.3 Enhancing and Understanding Thermal
Transport in Polymers

Polymers combine low weight, corrosion resistance, low cost, and easy processability, which
has led to their widespread use across industries. Their inherently low thermal conductivity,
especially in the amorphous state, renders them effective thermal insulators. At the same time,
their electrical insulation is highly beneficial for thermal management applications in electronics.
In this context, however, low thermal conductivity represents a major limitation. The need to
combine the favorable properties of polymers with efficient heat dissipation has therefore driven
substantial efforts to better understand and enhance their thermal transport performance.[#2-44!

As early as 1950, it was observed that stretching of elastomeric polymers could significantly
influence the thermal conductivity, although no clear explanation was given at the time.[*"!
In 1963, it was demonstrated that amorphous polyvinyl chloride, polycarbonate, polymethyl
methacrylate and polystyrene all exhibit increased thermal conductivity along the stretching
direction, accompanied by a decrease in the perpendicular direction. Moreover, the degree of
thermal anisotropy was found to increase with draw ratio.l*®] Not long after, the anisotropy
was attributed to two main factors. One is the relative strength of intermolecular versus
intramolecular bonding. The lower this ratio the higher the thermal anisotropy, based on the
correlation between group velocity and bonding strength (equation 1.17). The second factor
is the molecular orientation induced by stretching. This orientation depends on the effective
molecular segment length, the length of polymer chain segments that are free to align without
being hindered by entanglements or by other structural constraints. 7]

In semicrystalline polymers, the thermal conductivity at room temperature increases with
crystallinity because crystalline regions provide more efficient pathways for heat transport (see
Section 1.2). These materials, which consist of crystalline and amorphous domains, also permit
greater thermal anisotropy than purely amorphous polymers.[3® The crystalline regions are
typically organized into spherulites or lamellar stacks. Within these regions polymer chains fold
into lamellae that are separated by amorphous material (Figure 1.6). When a semicrystalline
polymer is stretched or extruded, the lamellae reorient toward the tensile axis, crystalline
domains fragment, and at high strains the chains align along the draw direction to form
fibrillar structures.!3848491 The strong covalent backbone bonds allow for highly efficient heat

conduction along the orientation direction.®®!

*

Figure 1.6: Schematic illustration of a semicrystalline polymer, with crystalline regions organized into
spherulites (left top) or lamellar stacks (left bottom). Upon stretching, the crystalline domains
fragment and the chains realign along the tensile axis, ultimately forming fibrillar structures.

Since these early discoveries, the role of structural anisotropy in enhancing thermal transport
has been an active area of research, with computational findings supporting and motivating
experimental efforts. Computational phonon calculations for polymethylenimine, polyamide
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and poly(methylene oxide) predict low thermal conductivities in the inter-chain directions,
where bonding relies on Van der Waals forces. In contrast, very high values are predicted
along the chain direction, reaching 21.81 Wm~!'K~!, 65.27Wm ' K~! and 94.95 Wm~! K1,
respectively. However, the relative contributions of phonon lifetime, group velocity, and modal
heat capacity to these high values differ significantly among the polymers. This highlights the in-
dependence of these factors, which all play a key role in achieving high thermal conductivity.[>°!
Notably, these three systems do not represent the upper limit of achievable thermal conductivity
and anisotropy in polymers. Molecular dynamics simulations of single extended polymer chains
have shown that mass disorder reduces thermal conductivity by creating localized vibrational
modes that hinder the energy transport by long-wavelength, delocalized modes. Consequently,
higher thermal conductivities are predicted for polymers that do not incorporate heteroatoms

or functional groups with different masses into the chain.>!

Using first-principles-based anharmonic calculations, single-chain polyethylene (PE) was pre-
dicted to reach a thermal conductivity of 1400 W m~! K~!. In bulk PE, anharmonic inter-chain
Van der Waals forces increase the number of allowed scattering events. Nevertheless, a high
thermal conductivity of 237 Wm~! K~! was predicted along the chain direction. In contrast,
strong anharmonic scattering and low group velocities reduce the conductivity in the cross
direction by nearly three orders of magnitude, resulting in extreme anisotropy.!*?! Although
reported thermal conductivities of bulk PE in the chain direction vary widely across theoretical
studies, they all confirm the strong potential of PE for thermal management applications.[52-5°]

Experimental measurements typically yield lower values than predicted by theory.l°>°%! Single
fibers of high density PE (HDPE) and ultra high molecular weight PE (UHMWPE) with high
crystalline alignment exhibit thermal conductivities between 10 Wm ! K~! and 20 Wm ! K~!
along the fiber axis, where longitudinal acoustic phonons are the primary heat carriers. The
characteristic T~! decay near room temperature suggests that anharmonic scattering, rather
than structural disorder, limits the heat transport.°®! However, even higher thermal conductivi-
ties were achieved with ultra-drawn UHMWPE nanofibers, tens of millimeters in length, which
reached about 104 Wm~' K~! when fiber quality approached that of an ideal crystal.[>”! This
value exceeds the thermal conductivities of several metals, including platinum, iron and nickel,
highlighting the remarkable potential of polymers when optimally processed.3%57]

Drawing is also crucial for achieving high conductivity in films. Uniaxially stretched UHMWPE
films have reached 65 W m~! K1, and even biaxially stretched films achieved 18 Wm~' K1,
Increasing the draw ratio induces structural changes that lead to chain extension, crystal growth,
and a considerable degree of orientation in the amorphous regions.[>®>?! Additionally, the
high thermal conductivities were attributed to the disentanglement of polymer chains and
the increase in molecular weight, which reduces the relative number of chain ends acting as
defects. 58

The theoretical and experimental achievements show that the typically low thermal conductivity
values reported for polymers arise from structural features that can be significantly modified.
Strong covalent bonds along the polymer chains enable high group velocities in crystalline
polymer structures, and when mass or structural defects are minimized, thermal conductivities
comparable to those of metals become accessible.

So far, the weak intermolecular interactions responsible for low thermal conductivity perpen-
dicular to the polymer chains have been discussed only as a limiting factor. However, this
perspective is incomplete. Research shows that 7-7 stacking and hydrogen bonding, which are

1.3 Enhancing and Understanding Thermal Transport in Polymers
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relatively strong compared to conventional Van der Waals forces, can be harnessed to enhance
thermal conductivity. By deliberately incorporating motifs that form supramolecular bonds,
chains in amorphous or semi-crystalline polymers can be bridged. These bridges stiffen the lat-
tice, constrain the chain rotation and improve the lattice order - all factors that reduce phonon
scattering and consequently enhance thermal transport. Moreover, they establish continuous
thermal pathways through the material, further improving heat conduction.[60-63!

Despite their use in enhancing thermal conductivity, the transport mechanisms across such
supramolecular bonds remain largely unexplored. Experimental studies present a significant
challenge, as they require a stable and measurable system where heat is transferred solely
via intermolecular interactions. Nevertheless, a few studies have managed to investigate
such systems and provide valuable insights.[64%%] For instance, analysis of self-assembled
supramolecular polymer fibers formed from melamine and various hydroxybenzoic acid isomers
revealed that hydrogen bond strength influences phonon transport, specifically stronger bonds
lead to higher thermal conductivity. Additionally, a correlation was found in these systems
between hydrogen bond strength and n-stacking efficiency perpendicular to the fiber axis.[%4
The results reinforce the significant influence of bonding strength on phonon transport, both
directly, and indirectly by affecting the defect and thermal pathway density. However, the study
does not provide a detailed investigation of the underlying phonon propagation processes.

While hydrogen bonds generally form stronger interactions, single-crystalline 7-stacked triph-
enylene columns exhibit a thermal diffusivity of approximately 0.21 mm?s~! along the stacking
direction.!%>67] This value surpasses many covalently bound polymers and highlights the po-
tential relevance of 7- interactions. The temperature-dependent thermal conductivity in this
direction resembles that of crystalline dielectric solids, and mean free path calculations identify
acoustic phonons as the primary heat carriers across m-stacked molecules. Although localized
intramolecular vibrations play a key role in the heat capacity, they hardly carry thermal energy.
Only below the Debye temperature are their energies sufficiently low to enable coupling with
acoustic phonons, allowing stored vibrational energy to participate in heat conduction. Per-
pendicular to the stacking axis, where molecules are linked by weak, nondirectional Van der
Waals forces, short phonon mean free paths indicate minimal acoustic phonon transport and an
amorphous-like transport behavior. 6%

A direct comparison between thermal transport by 7-7 interactions and covalent bonding was
made possible using an organic molecule that undergoes reversible single-crystal-to-single-
crystal topochemical polymerization upon light exposure. At room temperature, the thermal
conductivity of the polymerized structure was only about 1.4 times higher than that of the
depolymerized form, in which heat transfer occurred exclusively via supramolecular interactions.
The group velocities differed similarly modestly, by a factor of 1.2, and both systems appear
to be dominated by U-scattering.[%®! These results indicate that in systems with significant
intermolecular interactions, identical composition, and nearly identical structures, the presence
of covalent bonds is not as decisive for thermal transport as one might expect. However, covalent
bonding raises the Debye temperature, and below this threshold, phonon mean free paths and
scattering times increase exponentially. As a result, at lower temperatures, the polymerized
material exhibits substantially higher thermal conductivity than its supramolecular counterpart,
with the difference becoming more pronounced as temperature decreases. %]

Based on the current state of research, thermal transport across supramolecular interactions
appears to resemble that of crystalline materials, with acoustic phonons acting as the dominant
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heat carriers. While the strength of individual bonds has some direct influence on phonon
transport, its indirect effect by shaping molecular packing and reducing defect density emerges
as the more decisive factor for overall thermal conductivity. Nevertheless, in my view, our
understanding of heat transport via supramolecular interactions is still in its early stages, and
each newly studied system continues to reveal further aspects of the complex mechanisms
involved.

While the discussed strategies for enhancing thermal transport focus on tailoring the polymer
structure itself, a widely explored approach involves embedding highly conductive fillers into
the matrix to form a composite. Various fillers have been used for this purpose, ranging from
metals such as nickel, copper and silver, to ceramics including boron nitride and silicon carbide,
to carbon based materials like graphene or carbon nanotubes.®8 The choice of filler from the
vast number of available options depends on the priorities of the specific application.

The thermal percolation threshold is a relevant parameter for all composites. It describes the
filler volume fraction necessary for the formation of a continuous network that enables efficient
heat conduction. This point is characterized by a sudden increase in thermal conductivity as
a function of filler volume fraction.!%86°! Achieving percolation, and thus high thermal con-
ductivity, typically requires high filler loadings. These high loadings are often associated with
increased costs and processing challenges.®®! However, increasing the filler aspect ratio and op-
timizing their orientation and distribution can lower the percolation threshold. Platelet-shaped
fillers, for instance, naturally align parallel to each other, promoting the formation of thermal
pathways.[%8:5%] Processing methods such as injection molding or additive manufacturing can
reinforce this alignment, leading to particularly high in-plane thermal conductivity.!6870.71]
Nanowires have an even higher aspect ratio, which favors the formation of stable conductive
paths. For example, the thermal percolation threshold in an epoxy-silver composite dropped
from 38vol% for nanocubes to 28 vol% for nanorods with an aspect ratio of 15, and to about
26 vol% for nanowires with an aspect ratio of 33 (Figure 1.7).16%
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Figure 1.7: Relationship between filler content and thermal conductivity in isotropic epoxy-silver com-
posites with varying silver filler aspect ratios. Reproduced with permission from!®”.

Independent of the percolation threshold, the thermal resistance at the polymer-filler inter-
face is a key factor governing filler effectiveness. However, disorder, multiple phases, and
heterogeneities across different length scales complicate predicting and controlling interfacial
transport in composites.[”?) Nevertheless, various strategies have been developed to improve
interfacial interactions between the filler and the polymer matrix. For example, coating highly
conductive fillers with an intermediate layer can reduce the modulus mismatch between the
stiff filler and the soft polymer, thereby decreasing their difference in acoustic impedance.

1.3 Enhancing and Understanding Thermal Transport in Polymers
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Lowering this impedance contrast reduces phonon scattering and thereby enhances thermal
conductivity.”>741 Another approach is to leverage intermolecular interactions by choosing
appropriate polymer and filler materials. For instance, strong w-7 interactions between the
aromatic rings in polyaniline and graphite fillers effectively increase the thermal conductivity.”>!
Furthermore, oxygen-containing defects on the surface of a graphite filler raise the cross-plane
thermal conductivity in polyvinyl alcohol more than a defect-free graphite filler, even though the
latter has intrinsically higher thermal conductivity. The enhancement is suggested to arise from
atomic defects that promote intermolecular interactions between the filler and polymer, induce
distinct vibrational modes, and thereby enable strong vibrational coupling at the polymer—filler
interface.l”2)

Yarns, nonwovens and woven fabrics receive significant interest for thermo-regulating textiles
and other heat spreading applications. While composites contain interfaces between two
different materials, such fiber assemblies contain interfaces of the same material. These
contact areas, however, are rarely ideal. Structural defects, disorder, variations in structural
orientation, and surface roughness all impact thermal transport across the boundaries.!”®! These
imperfections manifest as contact resistance, a central factor in several theoretical simulations
that model the thermal conductivity of fiber networks. The suitability of these models depends
on the specific fiber and network parameters. Nevertheless, they consistently identify fiber
volume fraction, orientation distribution, fiber length, diameter, conductivity, and contact
resistance as key parameters.[”7-79] Moreover, in fibrous systems comparable to glass wool,
increasing contact resistance changes the impact of the inter-fiber contacts. This, in turn, renders
the enhancing effect of higher density and longer fibers, as well as the reducing effect of larger
diameters, more pronounced. However, the mean fiber orientation does not appear to correlate
with the contacts’ influence. Instead, the thermal conductivity consistently decreases as the
mean angle with respect to the heat flux direction increases.!”?!

A dependence of thermal transport on fiber orientation was also observed experimentally in
fibrous polyurethane membranes, where stretching introduced not only structural anisotropy
but also anisotropic thermal transport properties.!®% In another experimental study, UHMWPE
fibers were first twisted into yarns and then woven into fabrics, enabling direct assessment of
the effect of each hierarchical step on thermal conductivity. The reduction in effective thermal
conductivity from fiber to yarn to fabric was mainly attributed to the packing density of fibers
within the yarn and the packing density of yarns within the fabric.!®" This indicates that thermal
transport across the fibers plays a negligible role compared to the transport along the highly
conductive fibers. Nevertheless, the fabric showed a notably high thermal conductivity of
about 10 Wm~! K~!, highlighting the potential of such flexible textiles in thermal management
applications.[8!]

In summary, a diverse range of theoretical and experimental approaches has demonstrated
that the thermal conductivity of polymers can be significantly enhanced and controlled by
tuning structural alignment, engineering supramolecular interactions and introducing highly
conductive fillers. Moreover, the role of interfacial interactions, in both composites and fibrous
systems, is an important aspect of this research area. However, the overview also reveals
the need for further progress in understanding thermal transport in hierarchical systems.
Open questions remain regarding heat transport across non-covalent interactions as well as in
complex fibrous systems. Furthermore, the variability and tunability of hierarchical polymeric
systems provide immense potential for thermal management applications that has yet to be
fully harnessed.
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Methods

2.1 Structural Characterization

A sound investigation of how hierarchical structures affect thermal transport requires detailed
structural analysis from the molecular to the microscopic level. To meet this requirement,
various methods providing complementary information across different length scales were
applied. The most important techniques will be briefly introduced in the following sections.

2.1.1 Polarized Infrared Spectroscopy

In several contributions to this thesis, I assessed the alignment of polymer chains qualitatively
via polarized infrared (IR) spectroscopy. This technique is based on the core concept of Fourier-
transform IR spectroscopy, where infrared light illuminates the sample and the transmitted or
reflected light is detected. To obtain wavelength-resolved data, the detected signal is Fourier
transformed and processed against a reference measurement. In contrast to this classical
approach, polarized IR spectroscopy uses linearly polarized incident radiation. Therefore, a
polarizer is included in the setup to filter the radiation from the light source, transmitting only
components with an electric field oscillating in a specific plane (Figure 2.1).

detector

Figure 2.1: Schematic illustration of polarized infrared (IR) spectroscopy.

By rotating the polarizer around the beam propagation axis, a qualitative assessment of in-
plane molecular orientations is enabled. Depending on their symmetry, vibrational modes of
polymers exhibit parallel or perpendicular transition moments relative to the polymer chain,
or no specific polarization at all. Modes with a parallel transition moment are termed parallel
or 7 polarized modes. Consequently, they are most efficiently excited by light that is polarized
in the corresponding direction. Conversely, perpendicular or o polarized modes are most
efficiently excited by light polarized at 90° relative to the polymer chain.!®?! In an ideal case,
the absorptance would be proportional to cos? §, where 6 is the angle between the polarized
light’s orientation and the transition moment of the vibrational mode (Malus’ Law); thus a 90°
angle would result in zero absorptance.®3!

Spectra measured with different polarization angles of the incident radiation, combined with
knowledge of a sample’s polarized modes, therefore allow determining whether the polymer
chains in the probed area exhibit a preferred orientation.
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2.1.2 Wide Angle X-Ray Scattering

Wide angle X-ray scattering (WAXS), also often referred to as wide angle X-ray diffraction,
is a powerful technique for analyzing molecular-scale structural properties, typically in the
range of 0.1 nm to 10 nm. A collimated, monochromatic X-ray beam illuminates the sample, and
the X-rays are elastically scattered by the electron clouds of the atoms (Figure 2.2 a).!®* The
periodic arrangement of atoms in a crystal creates intrinsic variations in electron density, so
interference of the scattered waves produces a characteristic diffraction pattern on the detector.
A beam stop prevents the unscattered primary beam from saturating the detector. Constructive
interference occurs when the path difference between scattered X-rays is an integer multiple of
the wavelength. In all other cases, destructive interference dominates (Figure 2.2 b). Bragg’s
Law relates the X-ray wavelength )\, the spacing between lattice planes d and the angle of
diffraction 6, providing the basis for extracting structural information from the diffraction
pattern. The integer n denotes the diffraction order and is typically one for the most intense
reflections. (8]
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Figure 2.2: Schematic illustration of wide angle X-ray scattering (WAXS). a) Basic experimental setup. b)
Mlustration of Bragg’s law showing constructive and destructive interference depending on
the scattering angle.

For a given WAXS setup, the X-ray wavelength is fixed, and structural analysis is performed
by evaluating the diffraction signals as function of 26.[8%! Since lattice spacings are generally
on the same order of magnitude as the X-ray wavelength, the relevant 26 angles tend to be
relatively large, usually above 10°. Copper K|, radiation, with a wavelength of approximately
0.1541 nm, is a common choice in WAXS measurements. However, other sources like silver
anodes or synchrotron facilities are also employed, providing different X-ray wavelengths. For
a wavelength-independent description of the diffraction patterns, the scattering vector ¢ is
employed.!®4

4
q= 777 sin 2.2)

The setup used in this thesis includes a 2D area detector. The resulting 2D diffraction pattern
can be azimuthally integrated to obtain a 1D intensity profile as a function of 26 or the scattering
vector ¢. The positions of the diffraction peaks provide the crystal lattice parameters, while the
peak widths offer an approximation of the crystallite size.
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Although lacking long-range order, atoms and bonds in amorphous materials still have fixed
sizes and local arrangements. This short-range order causes fluctuations in the electron density,
resulting in broad diffuse halos rather than sharp Bragg peaks characteristic of crystals. The
degree of crystallinity can be estimated from the ratio of the integrated intensity of crystalline
peaks to the total scattering intensity, including contributions from the amorphous halo. 487!

For anisotropic samples, the 2D data provides additional information. Intensity variations as a
function of the scattering vector ¢q and the azimuthal angle ) qualitatively reveal orientation-
dependent spacings on the atomic scale. These 2D patterns allow for identification of a preferred
orientation of unit cells. Furthermore, a Hermans orientation factor fz can be calculated from
the intensity distribution 7(¢) to quantify the anisotropy. Here, ¢ represents the angles formed
by the crystallographic axes (a, b, and ¢), and 6 denotes the Bragg angle for the respective hkl
plane. 88891

§2T I(3) sin® 4 cosyp dip

in®y = 2.3
R Ty @
m = cos> HM (2.4)
fa=f.=05 (3 cos? ¢, — 1) (2.5)

For orthorhombic unit cells, the Hermans factor can also be determined from the values obtained
for f, and fj.

fa=0.5 (3 cos? ¢, — 1) (2.6)
fy=0.5 (3 cos2 Gy — 1) 2.7)
fH:fc:_fa_fb (28)

A Hermans orientation factor of 0 indicates an isotropic structure, whereas a value of 1 represents
perfect uniaxial alignment. Hence, intermediate values reflect the extent of structural orienta-
tion, allowing the anisotropy of different samples to be quantitatively compared.

Overall, WAXS offers rich structural insight into crystalline and semi-crystalline, isotropic and
anisotropic materials. As shown in Equation 2.1, decreasing Bragg angles probe increasing
lattice spacings. The relatively large angles accessible in WAXS are therefore well suited for
analyzing structural features on the Anstrém to few-nanometer scale. However, larger structures,
on the order of tens of nanometers, require smaller scattering angles.

2.1 Structural Characterization
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2.1.3 Small Angle X-Ray Scattering

Small angle X-ray scattering (SAXS) is an ideal complement to WAXS. Most parts of the setup are
identical, and some instruments can perform both techniques. However, in SAXS the distance
between sample and detector is much larger, enabling the detection of small scattering angles,
typically with 26 below 10°. This allows the analysis of features ranging from roughly 1 nm to
100nm, and in some cases even up to 1000 nm (Figure 2.3). Surfactant assemblies, colloids,
proteins and domains in soft matter are common examples. 84

sample
X-ray
4
\
collimators
mono-
chromator

detector

Figure 2.3: Schematic illustration of a basic small angle X-ray scattering (SAXS) setup.

Like WAXS, SAXS relies on the elastic scattering of monochromatic X-rays by the sample’s
electrons. In contrast to WAXS, where electron density contrast in crystals is intrinsically
provided by the periodic arrangement of atoms, SAXS requires sufficient electron density
contrast between nano- to mesoscale features of interest and their surrounding medium. When
such contrast exists, constructive and destructive interference produces a measurable scattering
pattern on the detector.[°%

For isotropic samples, the 2D scattering pattern can be radially averaged to obtain a 1D intensity
profile. The scatterers probed by SAXS are often not as uniformly spaced as lattice planes
in a crystal. Consequently, the superposition of their scattering contributions can broaden or
smear out the minima and maxima in the scattering curve. Nevertheless, for structures with
sufficiently low dispersity, the detected intensity as a function of the scattering vector ¢ encodes
valuable information about the distance, size and shape of the sample features. To extract the
information, appropriate models are fitted to the experimental intensity distribution, and their
parameters are optimized to best reproduce the measured data. These models are expressed in
terms of the form factor P(¢) and the structure factor S(q), which are related to the intensity
distribution I(q) as follows:[°!

I(q) o« P(q) S(q) (2.9)

In essence, the form factor represents the sum of individual scattering waves arising from
within the volume of a single average scattering feature. In contrast, the structure factor
accounts for the interference of waves scattered by different, neighboring features in the sample.
Consequently, the form factor obtained from fitting, combined with prior knowledge of the
sample, reveals structural details about the features themselves, whereas the structure factor
provides insight into their mutual interactions and spacial arrangement within the sample.[*°!

For anisotropic samples, reducing the 2D scattering data to a 1D curve, leads to a loss of
information. 2D Azimuthal representations or intensity maps plotted with respect to detector
coordinates (g5, ¢,) directly reveal anisotropy on the nano- to mesoscale. Furthermore, specific
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anisotropic intensity patterns can be directly linked to certain structural features, such as fibers
or lamellae, revealing their shape and orientation. Their alignment typically goes hand in hand
with a preferred orientation on smaller length scales, highlighting the synergy of WAXS and
SAXS. The complementary use of both methods provides a full picture from the atomic to the
nano- and mesoscale.

2.1 Structural Characterization
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2.1.4 Scanning Electron Microscopy

Depending on the size of relevant structures, the sample area of interest, and surface properties,
different microscopy techniques vary in suitability. For the samples studied in this thesis,
either scanning electron microscopy (SEM) or laser scanning confocal microscopy (LSCM) was
employed. While both methods provide direct visualization of appropriately sized features, the
underlying principles differ strongly.

For SEM, an electron beam is generated by an electron gun and the electrons are accelerated
by a high voltage, typically between 1kV and 20kV. The condenser lens system adjusts the
current and diameter of the beam and the objective lens system focuses it on the sample surface
(Figure 2.4). The electrons interact with the sample surface either by elastically scattering from
atomic nuclei or by inelastically scattering with atomic shells. The elastically backscattered
electrons (BSE) preserve their kinetic energy and are collected by the BSE detector, which is
positioned above the sample in line with the electron beam. Secondary electrons (SE) stem from
the outer shells of atoms and are ejected by the incident electrons (SE1) or by backscattered
electrons (SE2). The latter are attracted by a positive potential at the SE2 detector, which is
too weak to affect the trajectory of the high-energetic BSE. As the sample surface is scanned by
the electron beam, its position can be correlated with the number of electrons collected by the
detectors. While the BSE mode provides high composition contrast, the SE2 detector offers a
clear 3D impression of the sample surface.”"]

Electron
Gun

Accelerating
Anode

——je——

Condenser System

Objective System [ ||

BSE detector :’:’¢
SE2 detector

Sample ——

Figure 2.4: Schematic illustration of a scanning electron microscopy (SEM) setup.

The advantage of using accelerated electrons instead of light for imaging lies in their significantly
lower wavelengths. According to the Abbe limit, a lower wavelength A reduces the minimum
distance between two distinguishable points d, thereby increasing the resolution. Here, n is
the refractive index of the medium surrounding the lens and ¢ is the half-angle of the light or
electron cone collected by a lens.[?!

A

T 2nsino

(2.10)

Therefore, with sufficient acceleration, SEM achieves a resolution on the order of nanometers
and a significantly better depth of field compared to classical optical microscopy techniques.®!!
However, charging effects or sample degradation at excessive voltages make it necessary to
optimize the acceleration voltage based on the sample composition, preparation, and required
resolution.[®®! Depending on the desired information, the detection strategies can be used
individually or combined, and comparison of their results may offer insights into the spatial
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distribution of different materials. Moreover, the acquired images can be processed and
analyzed, for example through Fourier transformation to identify repeating patterns, or by
determining particle sizes, fiber or nanowire diameters and orientations, as well as their
respective distributions.®*°7) Since each image captures only a local region, reliable evaluation
typically requires a statistically meaningful number of micrographs.

2.1 Structural Characterization
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2.1.5 Laser Scanning Confocal Microscopy

Despite its lower resolution compared to SEM, the optical technique LSCM is highly practical, as
it operates under atmospheric pressure and requires no special sample preparation. It enables
fast and easy acquisition of sharp, high-contrast images of large sample areas.

The specific LSCM device used for this thesis features two separate optical imaging modes. The
first mode functions similarly to a conventional microscope: an objective lens focuses white
light onto the sample, and the reflected light is directed back through the objective to a detector,
resulting in a color image. The second mode is the key component for the LSCM technique and
provides significantly enhanced axial resolution compared to standard optical microscopy. A
laser at 405 nm is used to obtain a high lateral resolution compared to longer-wavelength light.
This light is focused onto the sample by the objective lens. The reflected light passes through a
pinhole aperture before being detected by a photomultiplier. By blocking light reflected from
above or below the focal plane, the pinhole strongly reduces out-of-focus haze (Figure 2.5).[%8!
Similar to SEM, the focused laser beam scans the sample surface using Piezo elements, imaging
the area point-by-point.

laser

|| | photo-
. multiplier
pinhole

\ ®LED

detector

objective

L sample

Figure 2.5: Schematic illustration of laser scanning confocal microcopy (LSCM).

LSCM not only provides high-resolution images but, owing to its shallow depth of field, also
enables the acquisition of detailed topographic information.[”®! By automatically shifting the
focal plane, precise height profiles of the surface can be reconstructed. In addition, the
accessible analysis area can be extended well beyond the native field of view of the objective
lens through stitching, in which multiple fields of view are combined into a single large image.
The acquired images can be processed and evaluated in various ways, for instance to quantify
surface roughness, sample thickness, plateau or cavity dimensions, height variations, and fiber
orientation.[®”!
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2.2 Thermal Diffusivity Analysis

The characterization of thermal transport properties was the core of my research throughout
this thesis. Light flash analysis (LFA) and lock-in thermography (LIT) were used to obtain
the thermal diffusivity values for various materials. LFA was particularly suited to assessing
through-plane transport in 3D architectures, while LIT provided in-plane values of thin films and
fibers. In the following section, I will introduce these two methods and explain their underlying
principles.

2.2.1 Light Flash Analysis

To achieve optimal absorption and emission properties, the surface of samples with an insuf-
ficiently dark color is coated with a thin carbon layer several micrometers thick. The sample
is positioned in the sample holder, above the light source and below the nitrogen-cooled IR
detector (Figure 2.6). When the predefined temperature in the sample chamber is reached, the
light source applies a thermal pulse. The heat is absorbed by the sample surface, conducted
through the sample, and the time-dependent temperature rise on the opposite side is monitored
by the detector.

sample holder
furnance

light source

Figure 2.6: Schematic illustration of a light flash analysis (LFA) setup. Adapted with permission from!%"

copyright NETZSCH-Gerédtebau GmbH.

Knowing the sample thickness [, the thermal diffusivity « can be calculated from the half-rise

time t1/2 . [101]

12
a=138— — 2.11)
Tty /2

This equation, however, assumes ideal conditions with opaque samples, an infinitely short pulse,
and no heat losses. To account for non-ideal conditions, various extended models have been
developed.['%2] For the analysis of samples in this thesis, the improved Cape-Lehman model, as
implemented in the instrument software, was used. This model accounts for heat losses and a
finite pulse duration in the calculation of thermal diffusivity.l'%%) If the density and specific heat
capacity are known, the obtained thermal diffusivity can be used to calculate the through-plane
thermal conductivity according to the relation given in Equation 1.13.

2.2 Thermal Diffusivity Analysis
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LFA is a fast, robust, and non-destructive thermal analysis method, ideally suited for samples
with a homogeneous thickness in the millimeter range and an even surface topography. The
technique also enables temperature-dependent studies and measurements under vacuum or

controlled gas atmospheres, providing reliable thermal diffusivity values across a wide range of
sample shapes and sizes.[10?!
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2.2.2 Lock-In Thermography

Unlike the commercial LFA device, the LIT setup used in this work is custom-built, consisting of
a point laser, a vacuum chamber, and an IR camera. To enhance the absorption and emission,
samples of light surface color are coated with a thin carbon layer only several nanometers
thick. The measurements are performed at low pressure to minimize convective and conductive
heat losses of the sample to its surroundings.''% The point laser is focused onto the sample
surface. An optically transparent and an IR transparent window in the vacuum chamber allows
periodic heating of the sample from one side and monitoring the thermal response from the
opposite side. The time-dependent signal is then converted to the frequency domain by Fourier
transform, yielding amplitude and phase data at the excitation frequency (Figure 2.7). This
conversion is crucial for the method, as most noise detected in the time-domain is constant
or occurs at frequencies different from the measurement frequency. Therefore, LIT enables
measurements even when the noise floor is larger than the excitation response signal.[10%]

Fram

=)

=

sample in
vacuum chamber

l |
laser on | |: IR camera
oL |

signal control
computer
generator P elements

(¢}

Figure 2.7: Illustration of the custom-built lock-in thermography (LIT) setup. a) Schematic of the main
components and their interconnections. b) 3D Visualization of the experimental setup.

A Python script developed by my former colleague Thomas Q. V. Tran for thin film evaluation
calculates the thermal diffusivity from the amplitude and phase data. The script first determines
the coordinates of the excitation point. For thermally isotropic samples, the distance r from
this point to each pixel is computed, and the amplitude and phase data are converted from
2D spatial data to a 1D functions of r. For anisotropic samples, only data points along two
orthogonal directions are evaluated: the preferred thermal transport direction and the cross-
direction. In both cases, the amplitude data is multiplied by 1/r and the natural logarithm is
applied to linearize its relationship with 7.[1% In contrast, for fiber measurements, where heat
transport is considered one-dimensional the amplitude data is log-transformed directly, without
multiplication by /r.[106!

In all cases, the linearized amplitude and phase data as a function of r are fitted and the
respective slopes m am;, and my are directly related to the thermal diffusivity values aa,,, and

ag. Here, flock—in is the excitation frequency.!14

M Amp = — /LO‘Z“’ZH" (2.12)
n Amp

my = — ’/Tflock—in (213)

Qg

2.2 Thermal Diffusivity Analysis
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In the ideal case of no thermal losses, the thermal diffusivity could be determined from either
of the two slopes. To optimize accuracy under real conditions, we reduced the pressure in the
vacuum chamber to below 1 - 1075 bar and used the product of both slopes to calculate the
thermal diffusivity.[104

_ 7Tfloclc—in (2 14)
mMAmp Mg

The lock-in frequency is a crucial experimental parameter and is typically determined from a
frequency sweep at a single sample position. On the one hand, low frequencies increase the
thermal penetration depth u. To prevent boundary effects, the lateral extensions of a thin film or
the length of a fiber must be significantly larger than the thermal penetration depth. Therefore,
excessively low lock-in frequencies can lead to inaccurate values of the thermal diffusivity.[104

«
=4, ]— (2.15)
s 7Tflock—’in

On the other hand, excessively high frequencies can lead to diffraction effects from the detection
optics and diffusivity overestimation.!'%4 They also reduce the thermal penetration depth, an
important consideration for the samples investigated in this thesis. To ensure reliable results the
thermal penetration depth must remain well above the sample thickness. A frequency sweep
typically exhibits a plateau region where the thermal diffusivity values are independent of
frequency (Figure 2.8). To obtain accurate thermal diffusivity values a frequency within this
plateau must be selected.

¢ Product
- Phase
S m Amplitude
£
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g O

1071 10°
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Figure 2.8: Exemplary frequency sweep demonstrating the the deviation of thermal diffusivity values at
high and low frequencies, and the plateau region in between.

Additionally, and particularly important for fiber measurements, a suitable laser power is
required. High powers can distort results by excessively heating the sample, whereas low
powers lead to poor signal-to-noise ratios.!1%”! Therefore, a balanced power must be identified.

Although LIT requires specific sample conditions and often preliminary frequency sweeps, it
enables the determination of thermal diffusivity across a wide range of materials. The key
advantages of LIT include its high sensitivity, the ability to selectively probe in-plane thermal
transport, and its suitability for characterizing thin films and fibers. With known density and
specific heat capacity, the measured diffusivity can also be converted into in-plane thermal
conductivity using Equation 1.13.
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Figure 4.1: Graphical Abstract.

This thesis consists of four interconnected projects that explore thermal transport in hierarchical
materials composed of polymers, benzene-1,3,5-tricarboxamides (BTAs), or a combination of
both. Each project focuses on how structural features affect the thermal conduction, with
particular emphasis on anisotropy. The sequence of the presented projects moves from one-
dimensional (1D) fibers to two-dimensional (2D) films and ultimately to three-dimensional (3D)
architectures. At the same time, this order reflects a shift from fundamental research questions
to more application-driven investigations.

Chapter 7 examines thermal transport in self-assembled BTA fibers and contributes to the broader
understanding of how heat flows across supramolecular interactions such as -7 stacking and
hydrogen bonding. By comparing the thermal diffusivity of fibers based on a systematically
varied set of BTA derivatives, this work provides valuable insight into structure—property rela-
tionships at the molecular level. In Chapter 8, the focus shifts from how molecular structures
influence heat transport within single fibers to how fiber organization affects thermal transport
in nonwovens. We investigated electrospun polystyrene fibers arranged into nonwovens with
varying degrees of alignment. In addition to this structural anisotropy, the samples underwent
post-processing treatments and metal functionalization. These variations allowed us to ana-
lyze how different interfacial and compositional features influence thermal transport with a
particular focus on anisotropic heat conduction in fibrous systems. In Chapter 9 we take a
step further toward practical applications by studying how BTAs, used as nucleating agents
in polypropylene, affect thermal transport. We examined how processing-induced orientation
of self-assembled BTA fibrils can lead to crystallite alignment in polypropylene, and whether
this structural anisotropy impacts thermal diffusivity. Thin films and 3D discs were prepared to
assess the influence of the nucleating agent under different processing conditions. Chapter 10
focuses on well-recyclable pure polyethylene with varying molecular weights, where high struc-
tural anisotropy was deliberately introduced using additive manufacturing. During printing,
mechanical forces promote the formation of fiber-like extended-chain nanocrystals, which serve
as efficient pathways for heat transport in the printed objects. The freely definable printing
direction combined with anisotropic thermal conduction provides control over heat flow and
offers an opportunity for efficient heat dissipation.
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I begin this progression from 1D to 3D architectures by discussing thermal transport in the
smallest hierarchical structures. Chapter 7 provides a fundamental look at 1D fibers formed
by self-assembled BTA molecules. A wide variety of BTAs with differing side groups, and
symmetries exist and several of them form intermolecular bonds that lead to well-defined,
self-assembled fibers through solution crystallization. This demonstrates that BTAs offer an
outstanding system to analyze heat transport via intermolecular interactions. In the long run,
and in combination with theoretical studies, the active phonons, individual contributions of
supramolecular interactions to thermal transport, and the dominant influencing factors for
transport efficiency may be identified.

My aim was to take a first step in this extensive project by measuring the thermal transport
properties on representatives of this material class. Achieving this goal posed significant
experimental challenges: fibers just tens of micrometers in diameter had to be handled, and
methods to characterize thermal transport in such small, individual structures are limited.
Fortunately, fibers from nine different BTA derivatives were successfully prepared, suitable
for LIT measurements. These differed either in their side group chemistry (Hex-C3, iOc-C3,
brOC-C3; Am-C3, Su-C3) or in amide bond orientation (tBu-N3, tBu-CIN2, tBu-C2N1; Hex-C2N1,
Hex-C3), allowing for a systematic analysis.

Preliminary LIT measurements revealed that selecting a single suitable power was not viable due
to varying fiber thicknesses: thicker fibers led to poor signal-to-noise ratios, while thinner ones
heated up, falsifying the thermal diffusivity values. To address this, three power sweeps, instead
of individual measurements, were applied for each BTA derivative. For every power sweep,
the peak values of the amplitude data were compared, and the power that brought this value
closest to 175 mK was selected for the evaluation and comparison of the thermal diffusivity
values (Figure 4.2). Crucially, LIT provided 1D thermal diffusivity in the fiber direction. As
there are no contributions from covalent bonds in this direction, heat transport is governed
solely by supramolecular interactions, presumably a combination of Van der Waals forces, 7w
stacking, and especially hydrogen bonding.
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Figure 4.2: Thermal diffusivity values of fibers formed from different BTA derivatives, measured using
LIT at a frequency of 0.27 Hz. For each BTA derivative, three measurements were performed,
each providing two data points by evaluating both sides of the laser spot (diamonds). Sample-
specific laser powers were used to account for differences in fiber thickness. Average diffusivity
values are indicated by circles and annotated with corresponding numerical values. The
molecular structures of the side groups for each derivative are shown along the x-axis.
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The results showed that an increasing number of N-centered side groups and long aliphatic
side groups lead to lower thermal diffusivity values, while the rather bulky Hex-group does not
negatively affect thermal transport. Interestingly, the short chained linear Su-C3 derivative,
which contains a sulfur heteroatom exhibited the highest thermal diffusivity.

To obtain some first clues on structure-property relationships, IR spectra of the BTA derivatives
were compared, with specific focus on the N-H and C=0 stretching modes as indicators for
the hydrogen bonding strength (Figure 4.3). The bands of derivatives with identical side group
chemistry but varying orientation of the amide bonds, indicated stronger hydrogen bonding
with an increasing ratio of C-centered side groups. This aligned with expectations, given
that N-centering reduces the distance between the aromatic cores and weakens the hydrogen
bonding."'-3! As the thermal diffusivity also increased with an increasing ratio of C-centered
side groups, we presumed a correlation between hydrogen bonding strength and thermal
transport efficiency. Furthermore, we found a strong influence of side group chemistry on
thermal diffusivity, also aligning mostly well with the hydrogen bonding strengths derived from
IR spectra: Hex-C3 > Am-C3 > iOc-C3 ~ brOc-C3. We linked this correlation to lattice stiffening,
reducing phonon-scattering and allowing for transport of higher-frequency phonons.

However, our investigations also revealed exceptions from this relationship. Despite its higher
thermal diffusivity compared to iOc-C3 and brOC-C3, the fully N-centered tBu-N3 showed the
N-H band at a higher wavenumber. We attributed this to the long aliphatic chains of iOc-C3
and brOc-C3. Their substantial lengths could impair defect-free self-assembly and fewer fibrils
forming the fiber might render thermal transport more susceptible to crystal imperfections.
Remarkably, the short-chained Su-C3 derivative stood out by exhibiting the highest thermal
diffusivity, although IR data indicated stronger hydrogen bonding for Hex-C3. We suggested that
the sulfur heteroatom modified the dipole moment of the structure in a way that is favorable
for the self-assembly process, and therefore reduced the defect density.

These findings indicated that additional factors, beyond hydrogen bonding strength, such as
susceptibility to defects and defect density, may also play an important role for thermal transport
in BTA fibers. Moreover, we considered that stronger hydrogen bonds promote both, direct
lattice stiffening and reduction in structural defects via improved self-assembly. Hence, this
direct and indirect impact of hydrogen bonding strength could contribute collectively to the
observed structure-thermal property relationship.

tBu-N3 tBu-C1N2 —tBu-C2N1 —Hex-C2N1 —Hex-C3 —iOc-C3 —brOc-C3 Am-C3 Su-C3
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Figure 4.3: Normalized FT-IR spectra of BTA fibers, illustrating the influence of amide bond orientation
(left panel) and side group chemistry (right panel). Dashed lines indicate the N-H or C=0
stretch bands.
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While ongoing theoretical calculations and crystallographic analyses aim to deepen the knowl-
edge on the thermal transport processes, I successfully provided the thermal diffusivity values
across molecular BTA assemblies. This offers experimental quantitative data on thermal trans-
port mediated by supramolecular interactions.

Having explored thermal transport at the molecular level within 1D BTA fibers, we now ascend
the structural hierarchy. In the next contribution (Chapter 8), we shifted our focus from
individual fibers to fiber organizations within 2D nonwoven architectures. The aim of this
project was to analyze how interfacial features and compositional modifications influence
thermal transport in fibrous systems, with a particular focus on anisotropy. To better understand
the parameters relevant for heat conduction in such systems, and ultimately support the
development of materials with tailored thermal properties, a systematic experimental approach
was taken. My colleague Sophie E. Fritze prepared electrospun polystyrene nonwovens with
varying degrees of fiber alignment: random, oriented and highly aligned SJES nonwovens.
These three sample types were post-processed either by cold-pressing or by annealing for 3 h or
24 h to investigate the impact of structural and interfacial changes (Figure 4.4 a).

To quantify the degree of orientation, I calculated an orientational order parameter Sy, for
each nonwoven.[*%! By analyzing LSCM images and processing the data with a custom Python
script, an increasing degree of orientation from random to oriented to SJES nonwovens was
confirmed (Table 4.1).

Table 4.1: Average Sop parameters of the electrospun nonwovens quantifying the fiber alignment.

Sample Properties Random Oriented SJES
Cold-pressed 0.19 £ 0.09 0.86 £ 0.04 0.95+0.3
Annealed 3 h 0.21 £ 0.09 0.67+0.10 0.87 £+ 0.09

Annealed 24 h 0.27 +£0.07 0.81 4+ 0.04 0.89 £0.03

To compare the thermal diffusivity of the nine nonwoven types, which varied either in degree of
orientation or post-processing conditions, I used LIT (Figure 4.4 b). The ellipsoidal shape of the
phase data for the oriented and SJES nonwovens, along with the two strongly differing thermal
diffusivity values in the preferred and the cross-direction clearly showed that the structural
anisotropy was reflected in thermal anisotropy. We attributed this to the uneven distribution of
the inter-fiber contact points and gaps. These increased thermal resistance in the cross-direction,
whereas transport along the fibers enhanced thermal diffusivity in the preferred direction. In
contrast, the random nonwovens exhibited a more uniform contact-point distribution, resulting
in single diffusivity values that lay between those of the oriented and SJES samples.

In line with the S,p parameters, the cold-pressed SJES nonwoven had a higher thermal
diffusivity in the preferred direction than the corresponding oriented nonwoven. Interestingly,
the SJES nonwoven also showed significantly higher thermal diffusivity in the cross-direction
compared to the oriented sample. In the SJES nonwoven, the highly aligned fibers had large
portions of their lengths in direct contact, creating more efficient thermal pathways. Conversely,
slight misalignments in the oriented nonwovens reduced inter-fiber contact in the cross-direction.
As a result, the thermal anisotropy of the SJES nonwoven (2.8) was considerably lower than
that of the oriented sample (8.6), despite its higher degree of orientation. This revealed an
important insight for tuning the thermal properties of fibrous systems: while promoting fiber
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alignment generally enhances thermal anisotropy, this enhancement is limited by the increasing
fiber contact area in the cross direction.

Figure 4.4: Electrospun nonwovens after pressing at room temperature, annealing at 115°C for 3 h or
annealing at 115 °C for 24 h. a) SEM images (Scale bars are 200 um and 10 um) and the LIT
phase data. b) Thermal diffusivity values obtained from measurements at ten positions per
sample. The grey line represents the thermal diffusivity of a hot-pressed PS film. Reproduced
from!®!.

Annealing induced two major structural changes across all nonwoven types, sample shrinkage
and fiber fusion. In the random nonwoven, shrinkage occurred isotropically, increasing the
density of inter-fiber contact points. At the same time, fusion of fibers at their contact points
reduced the contact resistance. Together, these two effects explained the strong increase in
thermal diffusivity observed in the random samples after annealing. In the preferred direction,
thermal diffusivity also increased for both the oriented and SJES nonwovens. The diffusivity of
the annealed SJES samples even approached that of a hot-pressed PS reference film. To better
understand the origin of this enhancement, we investigated several possible contributing factors.
The S, p parameters indicated no improved fiber alignment upon annealing. Moreover, polarized
Raman spectroscopy measurements on the SJES samples ruled out any significant change in
molecular orientation. Annealing did lead to increased waviness of the fibers, suggesting some
degree of chain relaxation. However, this transition from a slightly stretched to a more relaxed
state would typically reduce, rather than enhance, thermal diffusivity. We therefore attributed

the improved thermal diffusivity in the preferred direction to the fusion of misaligned fibers.

Their reduced thermal contact resistance led to less interference with heat transport along the
main alignment direction.

In the cross-direction, annealing had opposing effects on the two aligned nonwovens: it

increased the thermal diffusivity of the oriented sample but decreased that of the SJES sample.

These seemingly contradictory observations were explained by the distinct roles of fiber fusion
and annealing-induced waviness. In the oriented samples, the initial fiber alignment was
moderate, so the waviness introduced during annealing had little impact on the contact area. At
the same time, fiber fusion effectively reduced interfacial resistance, which enhanced thermal
transport in the cross-direction—a conclusion supported by the observed increase in diffusivity
with longer annealing times. In contrast, the highly aligned SJES samples were more sensitive
to the induced waviness, as their initially large contact area in the cross-direction was strongly
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reduced. Here, fiber fusion appeared to play only a subordinate role. These results demonstrate
that reducing inter-fiber contact resistance improves thermal transport, but they also reaffirm
that the extent of contact area is the decisive parameter.

Motivated by these findings, we further expanded our set of nonwovens to investigate how
compositional modifications affect thermal transport in fibrous systems. Sophie E. Fritze
functionalized random and oriented nonwovens by incorporating silver nanowires into the
PS fibers or by coating the fibers with a thin copper layer. The silver nanowires aligned
along the fiber direction but remained isolated, without forming a percolating network. In
contrast, the copper coating enwrapped the individual fibers and their contact points, forming
a continuous conductive network in both nonwoven types (Figure 4.5 b). However, despite
identical treatment, the copper layer formed uniformly in the random nonwoven, while in the
oriented nonwoven, it became increasingly sparse toward the center, leaving roughly one-third
of its interior uncoated (Figure 4.5 a). We attributed this difference to the fiber arrangement: the
isotropic interconnected cavities in the random sample allowed the functionalization solution to
infiltrate efficiently, whereas in the oriented sample fiber bundles led to aligned cavities, fewer
in number, hindering uniform copper deposition.

I analyzed these samples using LIT to investigate how the different functionalization strategies
affect the thermal transport within the fibrous structures (Figure 4.5 c). Incorporating silver
nanowires into the PS fibers yielded only a modest enhancement of thermal diffusivity. Despite
their excellent intrinsic thermal conductivity, the random sample showed a 1.9-fold increase,
while the oriented sample saw a 1.6-fold increase along the preferred direction and a more
substantial 3.8-fold increase in the cross-direction. The stronger enhancement in the cross-
direction was attributed to a notable decrease in fiber alignment upon functionalization (from
an Syp of 0.86 to 0.58), as misaligned fibers facilitate heat flow perpendicular to the primary
orientation. These findings showed that phonon scattering at the fiber interfaces significantly
constrains the performance of highly conductive fillers. Therefore, strategies aiming to fully
exploit such fillers in composite systems must prioritize the reduction of interfacial scattering
losses.

In the copper-coated nonwovens, the formation of a percolating metal network allowed not
only contributions from both PS and copper to thermal transport, but also enabled measurable
electrical transport. Using a four-point probe setup we approximated the electrical conductivities,
accounting for the observed differences in copper coating. The resulting electrical conductivities
were 2405 Scm ™! for the random nonwoven, 2168 Scm ™! and 2436 Scm ™! for the oriented
nonwoven in the cross- and preferred direction, respectively. As expected, the value for the
random sample lay between those of the oriented one. Surprisingly, however, the oriented
nonwoven displayed a low degree of electrical anisotropy. The limited, elongated cavities
apparently do not significantly hinder electron transport across the inter-fiber contacts; an effect
comparable to what was observed in the cold-pressed SJES nonwovens, where high inter-fiber
contact supported cross-directional transport.

The measured thermal diffusivity values of the copper-coated nonwovens were significantly
higher than those of the pure PS nonwovens. This strong increase was attributed to the higher
volume fraction of metal, compared to the silver nanowire samples, and the formation of a
percolating network. We therefore concluded that most of the heat is conducted through the
copper. Interestingly, however, the LIT measurements revealed that thermal transport behaves
differently than electrical transport. While the electrical anisotropy of the copper coated oriented
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nonwoven was nearly isotropic (1.1), its structural anisotropy was clearly reflected in a thermal
anisotropy (2.8). Nevertheless, the thermal anisotropy for the copper coated nonwoven was
significantly smaller than for the uncoated nonwoven (2.8 vs. 8.6), despite comparable S;p
parameters (0.86 and 0.77). This demonstrated that the cross-direction electric transport
mitigated the thermal anisotropy. Although both thermal and electron transport are dictated by
the copper-coated fibers, the results reveal that the degree of anisotropy depends on the type of
transport.
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Figure 4.5: Electrospun nonwovens after incorporation of AGNW or coating with copper. a) LSCM cross-
section images of the random copper coated nonwoven, showing that the copper coating
is present throughout the nonwoven, and the oriented copper coated nonwoven, showing
that the copper content is reduced towards the center of the sample (Scale bars are 200 um).
b) BSE-SEM images highlighting the features of the functionalization (Scale bars are 50 um
and 10um). c¢) Thermal diffusivity values obtained from measurements at a minimum of ten
positions per sample. Adapted from'®!. Figures were merged.

Taken together, this project provided valuable insight into how structure and composition
affect thermal transport in fibrous systems, offering a systematic foundation for designing
their properties in future applications. In the next contribution (Chapter 9) the focus shifts
from fiber-based architectures to a nucleated semicrystalline polymer, relevant to industrial
applications. Here, we explore the potential for anisotropic thermal transport to arise not from
fiber alignment but from crystallite orientation.

BTA derivatives are widely used as nucleating agents for polypropylene, as they significantly
enhance optical properties such as transparency and clarity, even at very low weight fractions.[”-8!
Similar to Chapter 7, where thermal transport in self-assembled BTA fibers was investigated,
the key lies in their self-assembly. During cooling of the polymer melt, the BTAs form fibrillar
structures that act as efficient nucleation sites for polymer crystallization (Figure 4.6 a).[9-11]
We hypothesized that alignment of these BTA fibrils could direct the orientation of the polymer
crystallites, potentially inducing anisotropic thermal transport. Motivated by the widespread
use of polypropylene and its copolymers in fields where thermal properties are relevant (e.g.,
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electronic housings, automotive components, food packaging), and the likelihood of BTA fibril
alignment during common processing, we investigated the link between structural and thermal
behavior in these systems.

Cylindrical injection-molded specimens of polypropylene with a small ethylene content (racoPP)
were prepared, each containing either 0.5 wt%, 0.1 wt% or 0.05 wt% iPe-BTA, a known and
efficient nucleating agent.[”:8] For comparison, a corresponding concentration series was pro-
duced using nBu-BTA, a structurally similar compound with a low nucleation capability (Fig-
ure 4.6 b).['% A neat racoPP sample without additives served as reference. Since structural
characterizations revealed only minor differences across the full concentration range, we focused
on the highest BTA concentrations for structural comparison.
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Figure 4.6: a) Nucleation mechanism of BTA additives. Upon cooling the BTA molecules self-assemble
into nanofibrils that act as nucleation sites for polypropylene crystallization. b) Molecular
structure of the utilized BTA derivatives. Adapted from . A selected portion is shown.

XRD measurements characterized the resulting structures. Both additive types showed reflec-
tions below 10°, confirming BTA self-assembly rather than molecular dispersion in the polymer
matrix. The calculated crystallinity values differed only slightly but followed the expected trend:
racoPP containing iPe-BTA showed the highest relative crystallinity, followed by racoPP with
nBu-BTA, and neat racoPP. The superior performance of iPe-BTA was attributed to its better
lattice match with racoPP, which is a key requirement for effective nucleation.!1%13!
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Figure 4.7: Structural characterization of injection-molded neat racoPP (grey), racoPP with 0.5 wt% nBu-
BTA (blue) and with 0.5 wt% iPe-BTA (orange). a) XRD patterns. Intensities are normalized
to the highest peak. b) 2D SAXS patterns recorded at different sample positions. Adapted
from"?!, A selected portion is shown. Colors were modified.

SAXS measurements complemented the structural analysis by providing insights into the
orientation of the lamellar polypropylene structures across three sample positions (top, middle,
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and bottom), which experienced varying shear rates during injection molding. The bottom
position was closest to the mold inlet, while the top was furthest away. Broad meridional
maxima in the SAXS patterns consistently indicated that the polypropylene lamellae were
oriented perpendicular to the flow direction in all samples. (Figure 4.7 b). During injection
molding of the BTA-containing samples, the BTA molecules self-assembled into columnar
structures, aligning with the flow direction and subsequently nucleating epitaxial crystallization
of racoPP.[-11] As the shear forces were highest near the inlet, they induced the strongest
orientation of the BTA assemblies at the bottom of the sample. Consequently, the lamellae
orientation was most pronounced at the bottom and gradually decreased towards the top. The
crystallite orientation in neat racoPP was attributed to shear alignment of chain segments in
the melt. These segments formed small oriented clusters that served as primary nuclei for
secondary crystallization into perpendicularly oriented lamellae.l'¥ Nevertheless, BTA additives
enhanced lamellar PP structure orientation, and based on its superior nucleation capability,
iPe-BTA produced the most pronounced reflexes at the bottom and middle positions of the
sample.

Building on the structural characterization, we investigated whether these features influence
through-plane thermal transport using LFA on cylindrical specimens from the top and bottom of
each injection-molded sample. No correlation between thermal diffusivity and sample position
was found, which we attributed to the SAXS-observed anisotropy being an in-plane property
while LFA probes through-plane transport. Likewise, no clear trend in thermal diffusivity was
observed with varying BTA concentration, aligning with the crystallographic results. Even
between neat racoPP, racoPP with 0.5 wt% nBu-BTA, and racoPP with 0.5 wt% iPe-BTA, the
measured values differed only slightly, despite differences in crystallinity. We ascribed this to
the dominant role of the amorphous phase in limiting phonon propagation, which suppressed
potential enhancement from increased crystallinity. This observation echoes findings from the
study on nonwovens (Chapter 8), where the inter-fiber contact area was decisive for thermal
transport. Both results highlight how small amounts of thermally hindering components can
strongly suppress overall transport. Accordingly, the through-plane thermal diffusivity in the
injection-molded racoPP samples was unaffected by sample position, BTA concentration, or BTA

type.
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Figure 4.8: Thermal diffusivity « of an injection-molded neat racoPP specimen and racoPP specimens with
varying content of nBu-BTA and iPe-BTA, obtained by LFA. Measurements were performed
on cylinders measuring 1cm in diameter cut from the top and bottom half of the original
injection-molded samples. Adapted from™?. Colors were modified.

In the second part of the project, we transformed the injection-molded samples into thin films
via compression-molding. This allowed us to study how different flow conditions and slower
cooling affect structure compared to injection-molding. Additionally, compression molding
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enabled extended structural characterization by examining polymer chain orientation with
polarized IR spectroscopy. Crucially, LIT measurements were possible, allowing us to link
structural features with in-plane thermal diffusivity.

Comparing the XRD results, all thin films exhibited a higher crystallinity than their injection-
molded counterparts, consistent with enhanced crystal growth due to slower cooling rates
(Figure 4.9 a). Polarized IR spectroscopy and 2D SAXS of racoPP containing 0.5 wt% iPe-BTA
revealed distinct polymer chain and crystallite orientations (Figure 4.9 b and c¢). Neat racoPP
and racoPP with 0.5 wt% nBu-BTA showed isotropic polymer chain and crystallite orientations,
indicating that compression-molding eliminated any structural anisotropy. We attributed this to
the slow cooling rate and nBu-BTA’s low nucleation capability, allowing competitive intrinsic self-
nucleation of racoPP. In contrast, racoPP with 0.5 wt% iPe-BTA exhibited a coplanar crystallite
orientation aligned with the sample edge (Figure 4.9 b, c). We ascribed this to outward melt
flow during processing, which oriented the BTA fibrils accordingly. Epitaxial growth of racoPP
from these nucleation sites resulted in the observable lamellae alignment.[-11]
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Figure 4.9: Structural characterization of neat racoPP (grey), racoPP with 0.5wt% nBu-BTA (blue)
and with 0.5 wt% iPe-BTA (orange). a) XRD patterns comparing the injection-molded and
compression-molded samples. Intensities are normalized to the highest peaks. b) IR spectra
of the compression-molded samples at the bottom-middle position using polarized incident
IR radiation. ¢) 2D SAXS patterns of the compression-molded samples at the designated
positions (white boxes indicating the orientation of intensity maxima). Adapted from!?.
Colors were modified.

To probe potential structure - property relationships, LIT measurements were performed on
neat racoPP, racoPP with 0.5 wt% nBu-BTA, and racoPP with 0.5 wt% iPe-BTA. Interestingly,
all measurements yielded isotropic amplitude and phase signals, exemplified by the bottom
third of the sample with iPe-BTA (Figure 4.10 a). Consequently, the structural anisotropy
observed via IR spectroscopy and SAXS in compression-molded racoPP with iPe-BTA was not
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reflected in the thermal transport properties. Even when crystallites are arranged with a clear
preferred orientation, amorphous regions remain present in all directions, acting as bottlenecks
for phonon propagation and uniformly limiting thermal transport.

While racoPP with 0.5 wt% iPe-BTA showed slightly higher absolute diffusivity values compared
to neat racoPP and racoPP with nBu-BTA, these differences were too minor to be deemed
significant. Moreover, for each sample type, the thermal diffusivity remained consistent across
all probing positions (Figure 4.10 b). Overall, we found that thermal diffusivity was unaffected
by the choice of nucleating agent or sample position in these systems.
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Figure 4.10: LIT of compression-molded samples with a thickness of 0.1 mm. a) Amplitude and phase
signal obtained for compression-molded racoPP containing 0.5 wt% iPe-BTA. b) Thermal
diffusivity o of an injection-molded neat racoPP specimen and racoPP specimens with
0.5wt% nBu-BTA and 0.5 wt% iPe-BTA. Five locations on each sample part (Top, Middle,
Bottom) were probed. Reproduced from"? .

Comparing the two processing methods, slightly higher values were observed for the compression-
molded samples. This may be due to their higher crystallinity or simply reflect inherent dif-
ferences between the measurement techniques. More importantly, however, the presence of
amorphous regions prevented the anisotropic crystallite orientation from manifesting as ther-
mal anisotropy in both cases. In conclusion, this project demonstrates that thermal transport
in racoPP is remarkably resilient to structural variations and remains largely unaffected by
nucleating agents or processing conditions.

While this robustness benefits industrial applications that demand stable and isotropic thermal
behavior, it also sparked our curiosity about whether thermal anisotropy could be intentionally
induced by creating continuous crystalline pathways. Such an attribute would be valuable
for applications requiring efficient, directional heat dissipation. Moreover, achieving tunable
anisotropic thermal transport without the need for filler materials would represent an important
step toward sustainable thermal management solutions, as pure materials offer significantly
better recyclability than composites. A promising candidate for this purpose is an all-PE
system developed by the FMF research center, composed exclusively of HDPE wax, HDPE and,
most notably disentangled UHMWPE. The latter is known to form fiber-like, extended-chain
nanocrystals (shish structures) during fused filament fabrication (FFF), an extrusion-based 3D
printing technique. These shish structures then nucleate lamellar HDPE crystallization (kebab
structures).[’>! In Chapter 10, we therefore set out not only to conduct a detailed analysis of
the relationship between structure and thermal transport in this material, but also to explore
how 3D printing could be used to fabricate objects with designed, spatially controlled heat flow.

In the first step, the printed all-PE samples were structurally characterized across multiple
length scales. Polarized IR spectroscopy revealed molecular-level orientation of the polyethylene
chains along the print direction (Figure 4.11 a). In contrast, the benchmark HDPE reference
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sample showed identical spectra for both polarizations, confirming that the observed molecular
orientation in the printed all-PE material originates from the presence of disentangled UHMWPE.
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Figure 4.11: a) Fundamental vibrational modes of polyethylene chains. Parallel modes are shown in dark
blue, perpendicular modes in light blue. b) Polarized IR spectra of the all-PE material using
light polarized at 0° (dark blue) and 90° (light blue) relative to the 3D print direction with
the assignment at 2019 cm ™. ¢) Corresponding spectra of benchmark HDPE. 0° polarization
is shown in dark gray and 90° in light gray. Adapted from''®’. A selected portion is shown.

To gain structural insights on the Anstrém and nanometer length scales, we performed X-ray
scattering measurements on printed all-PE specimens, the unprinted all-PE filament, printed
benchmark HDPE, and unprinted HDPE filament. These reference measurements were essential
for identifying the conditions required for the formation of shish-kebab structures.

WAXS demonstrated that the benchmark HDPE exhibited isotropic short-range order in both
forms, while the unit cells in the all-PE samples displayed a preferred orientation regardless
of processing state. However, the intensity distributions and calculated Hermans orientation
factor revealed that printing strongly increases the degree of anisotropy in the all-PE material
(Table 4.2, Figure 4.12 a).

Table 4.2: Hermans orientation factors calculated from WAXS intensity distributions.

Sample HDPE Filament HDPE Printed All-PE Filament All-PE Printed
fu 0.06 0.05 0.16 0.37

SAXS data further showed that the extrusion process used to prepare the all-PE filament induces
a slight preferential alignment of the lamellar structures. Additionally, printing the benchmark
HDPE also introduced a weak but detectable orientation. However, the characteristic vertical
streak in the SAXS patterns, indicating the presence of chain-extended shish structures, was
only observed for the printed all-PE material. The corresponding equatorial reflections were
attributed to strongly oriented lamellar kebab structures that crystallized from the shish crystal
surface (Figure 4.12 b and c). This confirmed that both the presence of UHMWPE and the high
shear and elongational forces during 3D printing are required for shish-kebab formation.
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To visualize these structures directly, we selectively etched the HDPE matrix from a printed
all-PE sample. The resulting SEM images clearly revealed the presence of shish-kebab crystals,
providing compelling visual evidence of their formation (Figure 4.12 d).
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Figure 4.12: Comparison of all-PE filament and benchmark HDPE filament and therewith printed samples
obtained by fused filament fabrication (FFF). a) Azimuthal representation of 2D WAXS
(azimuth vs. momentum transfer ¢). b) 2D SAXS (gy Vvs. ¢z). ¢) Schematic illustration of
a shish-kebab structure surrounded by amorphous PE. d) SEM image of an all-PE sample
prepared by FFF and etched with hot xylene. Reproduced from!®!,

After confirming that FFF of the all-PE material induces shish-kebab structures, we next in-
vestigated how print parameters influence thermal transport properties to identify optimal
conditions for controlled directional heat conduction. LIT measurements were performed on
single-layered all-PE, printed with varying speeds and temperatures, and a benchmark HDPE
reference. The circular amplitude and phase signals obtained for the reference sample confirmed
that the deposition of adjacent strands alone does not lead to anisotropic thermal transport.
In contrast, the ellipsoidal 2D data of the all-PE samples, clearly revealed anisotropic heat
transport (Figure 4.13 a).
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Figure 4.13: LIT for determination of the thermal diffusivity of HDPE and all-PE material processed by
FFF. a) Amplitude and phase signals for all-PE and benchmark HDPE printed at 210 °C and
100 mms~*. b) Thermal diffusivity and thermal anisotropy for all-PE and benchmark HDPE

printed at differing print speeds and print temperatures. Reproduced from™¢!,
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Quantitative evaluation showed that this anisotropy increased with higher print speeds and
lower print temperatures. Notably, the increase was due to enhanced diffusivity along the print
direction, while the perpendicular component remained nearly unchanged (Figure 4.13 b). This
confirms that the shish structures function as continuous thermally conductive pathways. The
continuous shish-kebab structures offer a direct counterpoint to the nonwovens in Chapter 8 and
racoPP in Chapter 9, where transport limiting gaps or amorphous areas prevented continuity
and thereby severely hindered thermal transport. The pathways are similar to fibrous fillers
in composites but unlike composites, the use of a single material offers two key advantages:
improved interfacial linkage due to identical chemistry throughout, and the absence of a
percolation threshold, as the transport pathway is governed by the printing process rather
than filler volume fraction. As trends in chain orientation, crystal morphology, and overall
crystallinity were excluded by SAXS, WAXS and DSC analyses, we attributed the observed
parameter dependence to an increase in the macroscopic length of the shish-kebab structures
with higher print speed and lower print temperature.

As outlined above, this project not only aimed to reveal and explain structure-property relation-
ships, but also to apply these findings to achieve defined temperature distributions by tailoring
the print directions of a specimen. To verify this concept and enable comparison between theory
and experiment, we performed a steady-state FEM simulation on a specimen schematically
shown in Figure 4.14 a. The input parameters corresponded to the measured thermal diffusivity
values of a sample printed at 25 mm s~ and 200 °C. The shape of the isotherms clearly revealed
that heat preferentially propagates along the direction resembling the print direction, leading to
different temperatures at equivalent distances from the heat source.

To validate this experimentally, we printed and heated a corresponding sample. Monitoring the
heating process with an IR camera confirmed that the steady-state temperature distribution
matches the simulation, especially near the heat source (Figure 4.14 b). The anisotropy was
even more pronounced during the heating phase: the right-hand side of the sample heated up
significantly slower than the left-hand side, due to the digitally defined print directions and
resulting alignment of the shish structures.

Encouraged by the successful demonstration of controlled temperature distributions in quasi-2D
samples, we extended our approach to 3D structures. However, printing 3D geometries with
the all-PE material proved challenging due to warping and delamination at layer interfaces.
Nevertheless, I was able to fabricate the specimen schematically shown in Figure 4.14 c.
The asymmetric design not only improved printability but also ensured that any temperature
differences could be unambiguously attributed to the print direction rather than geometry-
related effects. The sample was placed on a heat plate at 75 °C, and its surface temperature
evolution was monitored over time (Figure 4.14 d). As intended, the cuboidal section printed
with a vertical orientation relative to the heat plate warmed significantly faster than the
horizontally printed sections. Furthermore, under steady-state conditions (500 sec), this part
also exhibited a higher temperature.

These results demonstrated that asymmetric temperature distributions can be digitally prede-
fined through the choice of printing paths. With further optimization of the FFF process, 3D
printing offers substantial design flexibility in defining the external geometry and in tailoring the
orientation distribution of anisotropically conducting regions. In conclusion, 3D printing of all-
PE material shows great potential for enabling efficient heat dissipation by a single-component
material, supporting sustainable approaches for thermal management.
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Figure 4.14: Directed heat flow in a single-layered (a, b) and a multi-layered (c, d) sample with respective
heat sources at 75°C. a) Geometry and steady-state FEM simulation of the designed 2D
sample. Thermal conductivities were defined according to measured values of a sample
printed by FFF parallel (k) and perpendicular (k1) to the print direction. b) Evolution of
the surface temperature distribution on the 2D sample monitored via IR camera. The image
at O sec includes a semi-transparent overlay with the print direction scheme. ¢) Visualization
of the all-PE sample (top and side view) on a heat plate with print directions indicated by
arrows. d) Evolution of the surface temperature distribution on the 3D sample monitored
via IR camera. Adapted from!®. Figures were cropped and merged.

With this I have summarized the trajectory of my work on thermal transport in 1D, 2D, and 3D hi-
erarchical structures. The projects progressed from fundamental studies to application-oriented
research, and I believe that this clarity of purpose should also guide future investigations.

The work in Chapter 7 and Chapter 8 provided foundational insights into structure—property
relationships in thermal transport. Future work could extend these findings through theoretical
and computational studies. For the BTA fibers, this includes identifying the key factors governing
transport efficiency and clarifying the underlying mechanisms. For the nonwovens, graph-
theoretical approaches and FEM simulations could build upon my findings and push toward
decoupling thermal and electrical transport. Complementary experiments on additional copper-
coated fiber systems with varying anisotropy could further support this aim. The resilience
of thermal transport in racoPP (Chapter 9) already provides a rather complete picture with
potential relevance for industrial applications. Finally, Chapter 10 lays important groundwork
for implementing the recyclable all-PE material in thermal management. Future efforts should
focus on optimizing 3D printing hardware and parameters specifically for this material to
enhance its printability and increase the thermal anisotropy even further. Together, my thesis
deepens the understanding of structure — property relationships in thermal transport across
hierarchical architectures and establishes a strong foundation for both, fundamental research
and practical innovations.
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Individual Contributions to Joint
Publications

This thesis consists of four scientific publications, that were prepared in collaboration with
colleagues. The individual contributions of all authors are designated below.

Thermal Transport Across Supramolecular Bonds in Self-Assembled BTA Fibers
Ina Klein, Melina Weber, Hans-Werner Schmidt, Markus Retsch
This article contributes to the thesis as an unpublished manuscript.

I conceptualized the project together with Markus Retsch and was responsible for the methodol-
ogy and investigation. Melina Weber performed the sample fabrication by solution crystallization.
Based on preliminary IR spectroscopy results by Melina Weber, I conducted the IR spectroscopy
analysis. I also prepared the individual samples for LIT, and performed the LIT measurements. I
evaluated, interpreted, and visualized the resulting data, and wrote the original manuscript.
The project was supervised by Hans-Werner Schmidt and Markus Retsch. Markus Retsch also
reviewed and edited the manuscript.

Thermal Transport in Polystyrene Nonwovens:
Influence of Anisotropy, Structural Modification, and Functionalization

Ina Klein*, Sophie E. Fritze*, Alexander Berger, Holger Schmalz, Andreas Greiner,
Markus Retsch

* These authors contributed equally to this work.

We published this article in ACS Applied Polymer Materials, 2026, 8, 1954-1963,
DOI 10.1021/acsapm.5¢03952.

Sophie E. Fritze and I conceptualized the project with Andreas Greiner and Markus Retsch.
Sophie E. Fritze and I were responsible for the methodology and investigation. Sophie E.
Fritze fabricated the samples by electrospinning, performed the copper coating process, and
characterized the samples by SEM. We both performed post-processing of the samples. I was
responsible for further structural characterization and thermal property analyses of the samples,
including LSCM, calculation of the S;p parameters, and LIT measurements. Alexander Berger
was responsible for the four-point probe measurements. Holger Schmalz performed Raman
spectroscopy. Sophie E. Fritze and I evaluated, interpreted, and visualized the resulting data,
and wrote the original manuscript. Andreas Greiner and Markus Retsch supervised the project
and reviewed and edited the manuscript.

53


https://doi.org/10.1021/acsapm.5c03952

54

Do Nucleating Agents or Processing Methods Affect the Thermal Transport in RacoPP?

Ina Klein, Maria Ester Marroquin Lacayo, Thomas Blesch, Sabine Rosenfeldt, Patrick Langer,
Klaus Kreger, Stefan Rettinger, Jiirgen Senker, Hans-Werner Schmidt, Markus Retsch

We published this article in Journal of Polymer Science, 2025, 63, 4516-4524,
DOI 10.1002/p0l.20241079.

I conceptualized the project with Markus Retsch and led the methodology and investigation.
Thomas Blesch fabricated the samples. Maria Ester Marroquin Lacayo and Sabine Rosenfeldt per-
formed the SAXS measurements. Patrick Langer measured XRD and calculated the crystallinity
values. Stefan Rettinger conducted the DSC measurements. Maria Ester Marroquin Lacayo and
I performed polarized IR spectroscopy, LFA, and LIT measurements. We also evaluated and
interpreted the resulting data together with Klaus Kreger. I visualized the data and wrote the
original manuscript. The project was supervised by Jiirgen Senker, Hans-Werner Schmidt and
Markus Retsch. Klaus Kreger, Sabine Rosenfeldt and Markus Retsch reviewed and edited the
manuscript.

High and Tuneable Anisotropic Thermal Conductivity Controls the
Temperature Distribution of 3D Printed All-Polyethylene Objects

Ina Klein, Thomas Tran, Réne Reiser, Maximilian Theis, Sabine Rosenfeldt, Marius Schottle,
Carl Schirmeister, Peter Bosecke, Stefan Rettinger, Rolf Miilhaupt, Markus Retsch

We published this article in Journal of Materials Chemistry A, 2023, 11, 22492-22502,
DOI 10.1039/d3ta04483a.

I conceptualized the project with Markus Retsch and led the methodology and investigation.
Réne Reiser and Carl Schirmeister developed and fabricated the material for sample preparation.
Maximilian Theis and I fabricated the samples. I performed the polarized IR spectroscopy
analysis. Sabine Rosenfeldt, Peter Bosecke and I were responsible for the WAXS and SAXS
measurements, and I calculated the Hermans orientation factors. Marius Schéttle conducted
the SEM measurements and Stefan Rettinger performed the DSC measurements. Based on
preliminary simulations by Maximilian Theis, I performed the FEM simulation. I evaluated,
interpreted and visualized the resulting data, and wrote the original manuscript. The project
was supervised by Rolf Miilhaupt, Carl Schirmeister, and Markus Retsch. Sabine Rosenfeldst,
Carl Schirmeister, and Markus Retsch reviewed and edited the manuscript.

Chapter 5 Individual Contributions to Joint Publications


https://doi.org/10.1002/pol.20241079
https://pubs.rsc.org/en/content/articlelanding/2023/ta/d3ta04483a

References

[1]

(2]

(3]

(4]

[5]

(6]

(71

(8]

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

C. Kulkarni, E. W. Meijer, A. R. A. Palmans, Accounts of Chemical Research 2017, 50,
1928-1936, DOI 10.1021/acs.accounts.7b00176.

R. Q. Albuquerque, A. Timme, R. Kress, J. Senker, H. W. Schmidt, Chemistry — A
European Journal 2013, 19, 1647-57, DOI 10.1002/chem.201202507.

S. Cantekin, T. F. de Greef, A. R. Palmans, Chemical Society Reviews 2012, 41, 6125-37,
DOI 10.1039/c2cs35156k.

N. E. Persson, M. A. McBride, M. A. Grover, E. Reichmanis, Chemistry of Materials 2017,
29,3-14,DOI 10.1021/acs.chemmater.6b01825.

Q. Gao, B. A. F. Kopera, J. Zhu, X. Liao, C. Gao, M. Retsch, S. Agarwal, A. Greiner,
Advanced Functional Materials 2020, 30, 1907555, DOI 10.1002/adfm.201907555.

L. Klein, S. E. Fritze, A. Berger, H. Schmalz, M. Retsch, A. Greiner, ACS Applied Polymer
Materials 2026, 8, 1954-1963, DOI 10.1021/acsapm.5c03952.

M. Blomenhofer, S. Ganzleben, D. Hanft, H.-W. Schmidt, M. Kristiansen, P. Smith, K.
Stoll, D. Méader, K. Hoffmann, Macromolecules 2005, 38, 3688-3695, DOI 10.1021/
ma0473317.

P. M. Kristiansen, A. Gress, P. Smith, D. Hanft, H.-W. Schmidt, Polymer 2006, 47, 249—
253, DOI 10.1016/j . polymer.2005.08.053.

P. M. Kristiansen, Thesis, Eidgenossische Technische Hochschule (ETH), 2004, DOI
10.13140/RG.2.1.2653.3369.

J. Wang, Q. Dou, X. Chen, D. Li, Journal of Polymer Science Part B: Polymer Physics 2008,
46, 1067-1078, DOI 10.1002/polb.21440.

F. Abraham, S. Ganzleben, D. Hanft, P. Smith, H.-W. Schmidt, Macromolecular Chemistry
and Physics 2010, 211, 171-181, DOI 10.1002/macp . 200900409.

I. Klein, M. E. Marroquin Lacayo, T. Blesch, S. Rosenfeldt, P. Langer, K. Kreger, S.
Rettinger, J. Senker, H.-W. Schmidt, M. Retsch, Journal of Polymer Science 2025, 63,
4516-4524, DOI 10.1002/pol1.20241079.

J. C. Wittmann, B. Lotz, Progress in Polymer Science 1990, 15, 909-948, DOI 10.1016/
0079-6700(90)90025-V.

R. H. Somani, B. S. Hsiao, A. Nogales, S. Srinivas, A. H. Tsou, I. Sics, F. J. Balta-Calleja,
T. A. Ezquerra, Macromolecules 2000, 33, 9385-9394, DOI 10.1021/ma001124z.

C. G. Schirmeister, T. Hees, O. Dolynchuk, E. H. Licht, T. Thurn-Albrecht, R. Muelhaupt,
ACS Applied Polymer Materials 2021, 3, 1675-1686, DOI 10.1021/acsapm.1c00174.
I. Klein, T. Tran, R. Reiser, M. Theis, S. Rosenfeldt, M. Schoéttle, C. Schirmeister, P.
Bosecke, S. Rettinger, R. Miilhaupt, M. Retsch, Journal of Materials Chemistry A 2023,
11, 2249222502, DOI 10.1039/d3ta04483a.

55


https://doi.org/10.1021/acs.accounts.7b00176
https://doi.org/10.1002/chem.201202507
https://doi.org/10.1039/c2cs35156k
https://doi.org/10.1021/acs.chemmater.6b01825
https://doi.org/10.1002/adfm.201907555
https://doi.org/10.1021/acsapm.5c03952
https://doi.org/10.1021/ma0473317
https://doi.org/10.1021/ma0473317
https://doi.org/10.1016/j.polymer.2005.08.053
https://doi.org/10.13140/RG.2.1.2653.3369
https://doi.org/10.1002/polb.21440
https://doi.org/10.1002/macp.200900409
https://doi.org/10.1002/pol.20241079
https://doi.org/10.1016/0079-6700(90)90025-V
https://doi.org/10.1016/0079-6700(90)90025-V
https://doi.org/10.1021/ma001124z
https://doi.org/10.1021/acsapm.1c00174
https://doi.org/10.1039/d3ta04483a




Part IIl

Publications






Thermal Transport Across
Supramolecular Bonds in
Self-Assembled BTA Fibers

Ina Klein', Melina Weber?, Hans-Werner Schmidt?:3, Markus Retsch!:3:4

Manuscript.

! Department of Chemistry, Physical Chemistry I, University of Bayreuth, 95447 Bayreuth,
Germany.

2 Department of Chemistry, Macromolecular Chemistry II, University of Bayreuth, 95447
Bayreuth, Germany.

3 Bavarian Polymer Institute (BPI), Bayreuth Center of Colloids and Interfaces (BZKG),
University of Bayreuth, 95447 Bayreuth, Germany.

4 Bavarian Center for Battery Technology (BayBatt), University of Bayreuth, 95447 Bayreuth,
Germany.




60

Thermal Transport Across Supramolecular Bonds in
Self-Assembled BTA Fibers

Abstract

Supramolecular interactions can enhance thermal transport in otherwise poor thermal conduc-
tors by stiffening the lattice and reducing structural defects. However, the transport mechanisms
across supramolecular interactions are complex, measurement options are limited, and suitable
model systems are scarce. Benzene-1,3,5-tricarboxamides (BTAs) are an exceptionally versatile
material class that self-assemble into large, crystalline fiber structures. This makes them an ideal
platform for systematically studying thermal transport mediated by supramolecular interactions
and identifying underlying trends and correlations. Here, we report thermal diffusivity values
for supramolecular fibers formed by nine different BTA derivatives. Using lock-in thermography,
we measure thermal transport along the fiber axis, a direction governed exclusively by non-
covalent interactions — specifically 7-7 stacking and hydrogen bonding. Systematic variation of
side group chemistry and amide bond orientation reveals correlations between IR spectroscopic
features of hydrogen bonding strength and thermal transport efficiency. Our results lay the
groundwork for a more fundamental understanding of how supramolecular interactions govern
thermal transport in BTAs.

Introduction

Phonons represent the dominant heat carrier type in dielectric crystals, and their frequencies
and scattering events dictate thermal transport. The correlation between phonon group velocity
and the force constants between adjacent crystal lattice planes highlights the crucial role of
atomic interactions in defining thermal transport properties.[!! Consequently, highly crystalline
materials with strong covalent bonds, such as diamond, exhibit high thermal conductivity.
In contrast, polymers, even those with high crystallinity, typically demonstrate low thermal
transport efficiencies, due to amorphous regions limiting phonon propagation, and phonon
scattering promoted by grain boundaries, defects or torsion of the polymer chains.>

Supramolecular interactions can be used to improve thermal transport in materials with low
intrinsic conductivity.!>>-°! These non-covalent interactions can contribute to lattice stiffening,
serve as additional pathways for phonon transport or improve lattice ordering, which reduces
phonon scattering.[>°! Molecular dynamics simulations on covalent organic frameworks, for
instance, illustrate the significant impact of intermolecular interactions. The thermal conduc-
tivity of three interpenetrating frameworks, forming supramolecular bonds, was found to be
substantially higher than that of an identical structure lacking these non-covalent bonds, and
six times greater than for an individual framework. The supramolecular interactions within the
interpenetrating structures, including Van der Waals forces, hydrogen bonding, electrostatic
and host-guest interactions, led to phonon hardening and reduced vibrational scattering.[!*’
Another theoretical study on helical protein structures revealed a strong correlation between
thermal transport and hydrogen bond strength. The isomer with the strongest hydrogen bonds
exhibited higher phonon group velocities, a pronounced blueshift in key vibrational frequencies,
reduced scattering, and thus the highest thermal conductivity.l'!)



Experimental measurements on self-assembled supramolecular polymer fibers of melamine
and hydroxybenzoic acid isomers further confirmed the key role of hydrogen bonding strength
for thermal transport. Unlike the previously discussed systems, here, covalent bonds are not
present throughout the entire structure; instead, heat must be transferred across intermolecular
interactions. In this system, stronger hydrogen bonding in combination with higher r-stacking
efficiency reduced defects, stabilized thermal transport pathways, suppressed phonon scattering,
and ultimately enhanced the thermal conductivity. %!

Although hydrogen bonding is the strongest among supramolecular interactions, the role of 77
stacking should not be underestimated. In a highly ordered w-stacked assembly of a triphenylene
derivative without any hydrogen bonding, a thermal diffusivity of approximately 0.21 mm?s~!
was measured along the 7-stacking direction.['3! This value surpasses that of many covalently
bound polymers.['* In these stacks, thermal transport across the individual molecules at room
temperature is dominated by acoustic phonons and contributions from intramolecular vibrations,
through coupling with acoustic phonons, become relevant only below the Debye temperature.[!*!
Similar insights emerged from a study on an organic material undergoing single-crystal-to-
single-crystal topochemical polymerization, which allowed for a direct comparison of thermal
transport mediated by Van der Waals interactions versus covalent bonds. At room temperature,
the thermal conductivity was only 1.4 times higher in the polymerized structure compared to
the depolymerized one, where only supramolecular interactions contributed to heat transport.
The deviation became pronounced only at low temperatures, as the formation of covalent bonds
increases the Debye temperature, below which the phonon mean free path and scattering time

increase exponentially.'!®!

These examples underscore the importance and complexity of intermolecular thermal transport,
as well as the significant challenges in analyzing individual contributions and fully under-
standing the interplay of various non-covalent interactions. Despite the growing recognition of
supramolecular assemblies in various fields, only a limited number of studies have systematically
examined thermal transport across supramolecular bonds. Even fewer reports present systems
that allow for the experimental evaluation of heat propagation mediated solely by non-covalent
interactions. Addressing this knowledge gap requires a systematic approach combined with a
suitable and variable material platform.

Benzene-1,3,5-tricarboxamides (BTAs) are well known self-assembling nucleators for polypropy-
lene and are widely used in industrial applications as clarifying agents.[!®] Threefold in-
termolecular hydrogen bonding between the amide groups of neighboring BTA molecules
leads to the formation of self-assembled structures, typically 7-7 stacked columns with a he-
lical arrangement.['7:1® Depending on the side groups and crystallization conditions these
columns assemble hexagonally into fibrils, which further aggregate into macroscopic fibers
(Figure 7.1 a).['7-1%! Fortunately, supramolecular BTA structures can reach lengths of several
millimeters. This enables thermal transport measurements along the fiber axis using lock-in
thermography (LIT), a technique that allows us to determine thermal diffusivity in the direction
where the structure is held together exclusively by supramolecular interactions. Moreover, the
wide variety of BTAs, with differing side groups and symmetries, makes them an excellent
material platform for systematically studying thermal transport mediated by supramolecular
interactions and for identifying underlying trends and correlations.

In this work, we report the thermal diffusivity of nine selected BTA fibers and identify ini-
tial correlations between thermal transport and hydrogen bonding strength, supported by IR
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spectroscopy. This lays the groundwork for future investigations into structure—property rela-
tionships in BTAs, which will require detailed crystallographic analysis and theoretical modeling.
As part of a long-term effort to systematically study BTA derivatives and gain a well-founded,
deep understanding of thermal transport via supramolecular interactions, this work represents
a first, but substantial, step on the thermal analysis side.

Results and Discussion

To enable reliable thermal measurements of supramolecular BTA structures, several key require-
ments must be met. First, the fibers must be thermally large to minimize boundary effects,
meaning their length should significantly exceed the thermal penetration depth. For the BTA
samples studied, this depth was calculated to be approximately 300 nm-370 nm. Second, the
fibers must be thermally thin, with a diameter significantly smaller than the thermal penetration
depth. Additionally, the fiber surface should be as smooth as possible, which requires well-
assembled fibrils forming compact fiber structures without protruding smaller fibrils or fibril
aggregates.

To obtain fibers meeting these criteria, a broad set of BTAs with various side groups was
dissolved in DMF or DMSO, and the solvent was slowly evaporated over at least one week to
promote self-assembly. From this large set, supramolecular fibers with the desired properties
were successfully formed by nine BTA derivatives, which could then be individually transferred
onto the LIT sample holders (Figure 7.1 b). This success provides a solid basis for comparative
analysis and for identifying potential trends. Among the nine BTAs, five differ only in their side
group chemistry, including two that incorporate heteroatoms (Hex-C3, iOc-C3, brOC-C3; Am-C3,
Su-C3). Additionally, the set includes BTAs sharing the same side group chemistry but differing
in amide bond orientation (tBu-N3, tBu-CIN2, tBu-C2N1; Hex-C2N1, Hex-C3). They can either
be C-centered with the amide carbon bonded to the benzene ring, or N-centered with the amide
nitrogen bonded to the benzene ring. This enables an additional comparison beyond variation
in side group chemistry.

-2

\‘/
\
|

HNS

Figure 7.1: Self-assembled benzene-1,3,5-tricarboxamide (BTA) structure a) Schematic illustration of the
hierarchical BTA fibrils b) Optical image of macroscopic self-assembled BTA fibers on a lock-in
thermography sample holder.

Based on preliminary experiments, a measurement frequency of 0.27 Hz was selected. However,
choosing the laser power proved challenging. Since the fibers form by self-assembly, significant
variations in thickness were observed, especially between different BTA derivatives, but also
among individual fibers of the same BTA. Using a fixed laser power compromises data quality:
thicker fibers yield a poor signal-to-noise ratio, while thinner ones may heat up, leading
to inaccurate thermal diffusivity values (Figure S1).[2%! To address this, the laser power for
each measured fiber position was optimized individually by comparing the peak values of



the amplitude data across 13 measurements with powers ranging from 18 uW to 72uW, and
selecting the power that brought this value closest to 175 mK.

The measured thermal diffusivity values are displayed in Figure 7.2. We want to highlight
that these values reflect heat transport purely through supramolecular interactions. LIT allows
us to probe one-dimensional transport along the fiber axis — a direction without covalent
bonds. This approach enables the study of thermal transport without contributions from
covalent bonding, which is rarely achievable and offers an exciting opportunity to explore heat
conduction governed solely by non-covalent interactions.
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Figure 7.2: Thermal diffusivity values of fibers formed from different BTA derivatives, measured using
lock-in thermography at a frequency of 0.27 Hz. For each BTA derivative, three measurements
were performed, each providing two data points by evaluating both sides of the laser spot
(diamonds). Sample-specific laser powers were used to account for differences in fiber
thickness. Average diffusivity values are indicated by circles and annotated with corresponding
numerical values. The molecular structures of the side groups for each derivative are shown
along the x-axis.
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The obtained diffusivity values are comparable to those of polymers, which are typically con-
sidered poor thermal conductors. At first glance, this may seem unexpectedly low, given the
high crystallinity of the BTA fibers.[?1-221 However, unlike polymers, where heat is primarily
conducted through strong covalent bonds, these fibers rely solely on supramolecular interac-
tions for phonon transport. These vibrations are said to be more anharmonic than those of
covalent bonds, which increases phonon scattering.!>! Compared to previous studies on other
supramolecular solids, the obtained thermal diffusivity values fall within a similar range.[3:1°]
We presume that the heat transfer in BTAs occurs via a combination of van der Waals forces,
- stacking, and hydrogen bonding. Although these interactions are interdependent, hydrogen
bonding, being the strongest, is likely to have the most pronounced and identifiable influence.

A comparison of the thermal diffusivity for BTA derivatives differing only in amide bond
orientation, shows that increasing the ratio of N-centered side groups leads to a reduction in
thermal diffusivity. Although the absolute differences are small, this consistent trend is observed
for both side groups, tBu and Hex. Examination of the fully C-centered derivatives indicates
that long aliphatic side groups lead to lower thermal diffusivity values. In contrast, the rather
bulky Hex-group does not negatively affect the thermal transport. The only derivative exhibiting
even higher thermal diffusivity than Hex-C3 is the short-chained linear Su-C3, which contains a
sulfur heteroatom.
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Since IR vibrational modes associated with hydrogen bonding typically shift to lower wavenum-
bers as bonding strength increases, these spectral features can offer insight into the strength of
one of the key supramolecular interactions presumed to influence thermal transport in these
systems.!1821 Figure 7.3 provides the IR spectra of BTA fibers, comparing variations in amide
bond orientation and side group chemistry.

tBu-N3 —tBu-C1N2 —tBu-C2N1 —Hex-C2N1 —Hex-C3 —iOc¢-C3 —brOc-C3 — Am-C3 - Su-C3
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Figure 7.3: Normalized FT-IR spectra of various bulk BTA derivatives. The left panel compares the
influence of amide bond orientation, while the right panel shows the effect of side group
chemistry. Dashed lines indicate the N—H stretch bands and in the right panel additionally
the C=0 stretch bands.

First, we compare the effect of C- versus N-centering. Purely C-centered and purely N-centered
derivatives exhibit a single band for the N-H and C=0 stretching modes, whereas derivatives
with mixed centering show a clear splitting of these bands. The intensity distributions within
the split bands indicate that the higher-wavenumber components correspond to the N-centered
groups, and the lower-wavenumber component to the C-centered ones. This assignment is
supported by the N-H and C=0 band positions of the purely N-centered tBu-N3 and the
purely C-centered Hex-C3. An exception to the splitting is observed in the N-H stretching
mode of Hex-C2N1: despite its mixed centering, it shows a single band. However, this band is
significantly shifted to a higher wavenumber compared to its counterpart Hex-C3.

These results indicate stronger hydrogen bonding with an increasing ratio of C-centered side
groups. It is consistent with previous reports demonstrating that N-centering leads to pla-
narization of the carbonyl moieties, slightly reduces the distance between the aromatic cores,
and weakens the intermolecular hydrogen bonding.!17-1%23! Since the thermal diffusivity also
increases with the fraction of C-centered side groups, a correlation between hydrogen bonding
strength and thermal transport can be assumed.

The side group chemistry appears to have a strong influence on thermal diffusivity and the
correlation with hydrogen bonding strength, as derived from IR spectra, is mostly consistent.
Hex-C3 clearly exhibits the lowest wavenumber for the N-H and the C=0 stretch band and
a significantly higher thermal diffusivity than iOc-C3, brOc-C3 and Am-C3. Although the
differences in N-H stretch wavenumbers among iOc-C3, brOc-C3 and Am-C3 are small, they
also align well with the trend in thermal diffusivity. Long aliphatic chains are not known to
affect the intermolecular distance in the BTA columns.!'®! Still, compared to the other fully
C-centered derivatives the N-H stretching modes of iOc-C3 and brOc-C3 indicate attenuated
hydrogen bonding, in line with their low thermal diffusivity values.



We note that the N-H stretch band of tBu-N3 suggests even weaker hydrogen bonding. This
implies that the thermal diffusivity of BTA derivatives with long aliphatic chains is limited by ad-
ditional factors. Their substantial size may impair the self-assembly process, potentially leading
to more structural imperfections. Moreover, the significant volume occupied by these chains
might result in fewer fibrils forming the fiber, rendering thermal transport more susceptible to
crystal defects.

Comparing these C-centered derivatives with Su-C3, it appears that the sulfur heteroatom leads
to divergent characteristics. Although the IR data indicates stronger hydrogen bonding for
Hex-C3, Su-C3 shows the highest thermal diffusivity. This discrepancy suggests that factors
beyond hydrogen bonding strength influence its thermal transport. One possible explanation
is that the sulfur heteroatom in Su-C3 modifies the dipole moment, thereby enhancing the
self-assembly process and reducing the defect density within the fiber.

In summary, the observed trends suggest that both the amide bond orientation and the chemical
structure of the side groups influence hydrogen bonding strength in the supramolecular BTA
fibers. Stronger hydrogen bonding appears to enhance thermal diffusivity, indicating a key role
for hydrogen bonds in phonon propagation across the BTA molecules. This aligns with the
concept that stronger intermolecular interactions stiffen the lattice, enabling higher-frequency
phonon transport and reducing phonon scattering.[>10!

However, the differences in IR band positions and the mean thermal diffusivity values are rela-
tively small, and some BTA derivatives exhibit a broad distribution of individual measurement
results. While many cases demonstrate the correlation between thermal diffusivity and IR band
shifts, exceptions suggest that factors beyond hydrogen bonding strength also influence the
thermal transport. Specifically, the density and susceptibility to structural defects could play an
important role.

We should at least consider that the observed correlation between hydrogen bond strength
and thermal diffusivity may not be a causal, but a common-cause relationship. Hydrogen
bond strength is known to critically influence the BTA self-assembly process.!'”) Therefore, it
is plausible that the enhanced thermal diffusivity observed in systems with stronger hydrogen
bonding is, at least in part, an indirect consequence of reduced structural defects, rather than
solely due to enhanced phonon transport across stronger bonds. Ultimately, it is possible
that both factors — direct lattice stiffening from stronger bonds and an indirect reduction
in structural defects — collectively contribute to the observed structure-thermal property
relationship.

Conclusion

In this study, we demonstrated that BTAs offer a versatile platform to systematically analyze
thermal transport across supramolecular bonds using LIT. An initial assessment of hydrogen
bonding strengths by IR spectroscopy indicated that these interactions play an important,
though not exclusive, role governing heat propagation in BTA fibers. Ongoing work, combining
theoretical calculations with detailed crystallographic analysis, aims to further elucidate how
supramolecular structure influences heat transport, and to identify the dominant interactions
involved. Crucially, we have successfully measured and quantified thermal transport across
molecular BTA assemblies, providing a valuable contribution to understanding heat conduction
mediated by supramolecular interactions.
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Supporting Information
Thermal Transport Across Supramolecular Bonds in
Self-Assembled BTA Fibers

Experimental

Fourier transform infrared spectra were obtained with a Vertex 70 FT-IR spectrometer (Bruker
Corp.) equipped with an ATR accessory at a resolution of 1 cm ™" in the range of 4000 cm™! to
650 cm 1.

BTA fibers were prepared by self-assembly under ambient conditions. The BTA derivatives were
first dissolved in DMF (or in DMSO for Am-C3) at elevated temperatures. The hot solution
was poured into a petri dish lined with aluminum foil and covered with a crystallization dish.
Slow solvent evaporation over at least one week enabled fiber formation suitable for lock-in
thermography measurements.

The BTA fibers were carefully removed from the aluminum foil using fine tweezers and spatulas,
fixed on a 3D-printed sample holder with double-sided tape, and coated on both sides with
a thin (~10nm) carbon layer. The LIT measurements were performed in a vacuum chamber
(p < 0.01 mbar) to minimize convective heat losses. The fibers were excited periodically with
a frequency of 0.27 Hz using a point laser (51nano-N-5200.9-O05P124280150, Schdfter +
Kirchhoff GmbH). The power was adjusted individually for each measured fiber by comparing
the peak values of the amplitude data across 13 measurements per sample with powers ranging
from 18 uW to 72uW, and selecting the power that brought this value closest to 175 mK. The
temperature evolution was monitored with an ImagelR 9430 research IR camera (InfraTec
GmbH) with a spectral window ranging from 1.5 um to 5.5 um. It was mounted with an M =
8.0x microscopy objective. The time-temperature data were converted to an amplitude and
phase signal by the software IRBIS (InfraTec GmbH). The linearized amplitude and phase data
as a function of the distance from the excitation point of the laser were used to calculate the
thermal diffusivity values (slope method).
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Figure 7.4: Thermal diffusivity values of fibers formed from Hex-C3, measured using lock-in thermography
at 0.27 Hz across a wide range of fiber diameters. Each data point corresponds to one of 13
different heating powers ranging from 18 uW to 72uW, as indicated by the color scale. The
grey line shows the average thermal diffusivity (reference) and standard deviation obtained
from three measurements using a sample-specific power that resulted in a peak amplitude
signal closest to 175 mK. a) All data points. b) Zoomed-in view of the y-axis to better visualize
the differences near the reference value.
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ABSTRACT: Understanding heat transport in hierarchical materials is essential for the rational
design of next-generation thermal management systems. In this study, we utilize a combination of
electrospinning and functionalization techniques to fabricate a series of polystyrene (PS) nonwovens
with defined variations in fiber alignment and fusion, as well as functionalization with metals. Using
lock-in thermography, we analyze in-plane thermal transport with directional sensitivity and correlate
the results with morphological characteristics. We show that increasing fiber alignment enhances
thermal anisotropy only up to a certain threshold, beyond which the quality of interfiber contact
becomes the dominant factor. The incorporation of nonpercolating silver nanowires is only effective
when phonon scattering is minimized. Otherwise, fiber boundaries significantly limit the potential
transport enhancement offered by these costly additives. In contrast, copper coatings form
percolating networks that markedly enhance thermal transport, yet they remain governed by the
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global architecture of the fiber network. Altogether, this work experimentally highlights that minimizing phonon scattering and
controlling structural features are more critical than maximizing fiber or filler alignment. The insights contribute to a deeper
understanding of heat conduction in fibrous systems and offer guidance for designing such materials with targeted performance.

KEYWORDS: electrospinning, thermal transport, anisotropy, metallic functionalization, polymer nonwoven, lock-in thermography

Bl INTRODUCTION

The interconnected global challenges of population growth,
climate change, and the energy crisis demand an understanding
of, control over, and optimization of thermal transport to
regulate energy use and mitigate adverse effects efficiently."
The importance of thermal transport processes spans multiple
length scales, influencing systems from the microscopic to the
macroscopic. At the microscale, the continuous miniaturization
and increasing integration density in microelectronics give
significant challenges for heat dissipation.2 Therefore, efficient
thermal management is crucial for the performance, service life,
and safety of electronic devices, such as batteries® and
semiconductor chips.”~’ At the macroscopic scale, thermal
transport plays a critical role in personal thermal management,
with the aim of optimizing heat exchange between the human
body and the environment to increase thermal comfort and
reduce energy consumption.®’

A key approach for the development of so-called thermal
interface materials is the use of composite materials that unite
the properties of soft polymer matrices with the advantages of
inorganic fillers." This enables freedom in the design of the
desired flexible, thermally stable structures with tailored
thermal and electrical conductivity.'' Architectures based on
one-dimensional fibers, therefore, seem appealing. Their high
aspect ratio and large surface area provide further potential for
functionalization.'” Metallic nanowires such as silver nanowires
(AgNWs) in turn also prove to be promising nanofillers for
thermal management, as they allow efficient thermal

© 2026 The Authors. Published by
American Chemical Society
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conduction paths due to their high thermal conductivity and
mechanical flexibility resulting from their one-dimensional
nature.'® Various incorporation strategies can be employed,
such as homogeneous dispersion in polymer matrices to form
thermal networks, directional arrangement to control aniso-
tropic heat conduction, or as thermal bridges in hybrid filler
systems to enhance their overall conductivity.””~"> The
integration into textiles, fiber mats, or 3D-printed structures
creates a wide range of applications, including personalized
thermal management solutions and flexible electronics.'®
However, the systematic development of such materials
requires a renewed understanding of the underlying transport
mechanisms, as nanostructures deviate from classical models
due to interfacial thermal resistance, phonon scattering, and
anisotropic thermal conductivity.'” Interfaces in nanocompo-
sites significantly influence heat transfer, as phonons are
scattered at material junctions, making the efficiency of thermal
conduction highly dependent on the specific interactions
between the filler and matrix."® The formation of percolating
networks of nanofillers enhances thermal transport, while their
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spatial arrangement and synergies with other fillers, such as
graphene or boron nitride, play a crucial role."”

At the same time, size effects and structural hierarchies in
materials such as fiber membranes, porous materials, or 3D-
printed architectures lead to complex transport behaviors.'>*°
These are often studied through simulations, which aim to
identify key parameters influencing thermal transport.
Furthermore, finite element modeling of low-conducting
isotropic particles mixed with thermally anisotropic ones has
shown that the formation of heat-conducting pathways,
essential for efficient heat transport, requires a very high
fraction of the particles to be anisotropic.”’ Graph theory has
been applied to identify a microstructural parameter that
relates to thermal anisotropy in various thermal networks.
Specifically, three contact attributes—particle connectivity,
contact quality, and contact orientation—were used to derive
the so-called “directed network thermal resistance”. It
correlates with the anisotropic effective thermal conductivity.*”
In addition, models have been developed to predict thermal
conduction in fibrous 3D networks, recognizing the average
number of contacts per fiber as a key factor.”®> These
theoretical studies all indicate that the pathways formed by
contact points between thermally conductive elements are the
decisive factor governing thermal transport in networked
hierarchical systems.*' ™

While many studies either focus on developing high-
performance materials for thermal management or on
theoretical and computational analysis of heat transfer,
relatively few adopt an experimental approach with the
primary goal of elucidating influence of the mesostructure on
the overall transport properties. Systematic, experiment-driven
investigations that disentangle which structural features most
critically influence thermal transport remain scarce. To address
this challenge, electrospinning emerges as a powerful and
versatile tool for creating controllable fiber architectures with
tunable functionality and anisotropy.”® For instance, A. Chen
et al. demonstrated that combining electrospinning with hot-
stretching aligns both poly(vinyl alcohol) fibers and their
polymer chains, yielding a nanostructured film with high
thermal conductivity and thermal stability.”* The mechanical
properties of electrospun materials cover a broad range and
depend on multiple parameters, including the solution
composition and concentration, fiber diameter, orientation,
crystallinity and packing density.”>™>” The large surface area
and controllable pore structure of the electrospun membranes
make electrospinning a promising approach for the fabrication
of carbon capture and air filtration materials.”**’ In addition,
these features, combined with the high specific capacitance of
transition metal oxide additives, have been exploited to
produce electrospun electrodes for supercapacitor applica-
tions.*® The versatility and tunability of electrospinning further
enable the fabrication of biomimetic structures that resemble
the natural, fibrous extracellular matrix, rendering the
technique highly attractive for tissue engineering scaffolds.®'
Furthermore, wettability can be tailored through processing
conditions and solution composition, allowing the develop-
ment of electrospun membranes for oil/water separation.””

In this study, electrospinning is employed to fabricate
polystyrene (PS) nonwovens with varying degrees of fiber
orientation. To achieve highly aligned PS fibers, the technique
of stable jet electrospinning (SJES) is applied.*>™** Utilizing
electrospinning not only enables precise control over fiber
alignment but also facilitates the incorporation of highly
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conductive AgNWs as fillers within the polymer matrix.*®
Additionally, individual fibers within the nonwoven structure
can be externally coated with copper using a previously
reported method, further expanding the range of achievable
material properties.”” Polystyrene (PS) was deliberately chosen
as the matrix material due to its amorphous nature, ensuring
that crystallinity does not introduce an additional variable in
the study. The selection aims to isolate the effects of fiber
orientation, structural, and surface modifications on thermal
transport. To achieve this, an appropriate technique for
measuring thermal transport in thin films is required. Lock-in
thermography (LIT) is well-suited for this purpose. The
nonwoven is heated periodically using a laser, and its
temperature response is monitored with an infrared (IR)
camera. A Fourier transformation is applied to extract
amplitude and phase data, which are linearized to finally
calculate the sample’s in-plane thermal diffusivity.**** As LIT
enables direction-dependent analysis in anisotropic thin films,
it allows for the investigation of how in-plane structural
variations, such as anisotropy, influence thermal transport. This
study provides a comprehensive foundation for investigating
in-plane thermal transport within fiber-based systems. It
provides a systematic evaluation of the various parameters
that influence heat conduction in these complex structures. As
understanding is the foundation for improvement, we believe
that conclusions drawn from this study will be valuable for
advancing research on thermal management materials.

Bl RESULTS AND DISCUSSION

PS nonwovens with different fiber orientations were obtained
by electrospinning utilizing a high-speed rotating drum as
collector (Figure 1). The latter is essential for achieving a
preferential orientation of the fibers during deposition. In the
classical electrospinning setup, the drum collector is placed
between the solution-filled syringe that is subjected to a
positive voltage and a back electrode that is subjected to a

Oriented
S,,=0.86

Classical Electrospinning

Collector Speed

Stable Jet Electrospinning

SJES
S,=0.95

Figure 1. Influence of collector speed on fiber orientation in
electrospun nonwovens. a) Schemes of the electrospinning setups and
a high-speed camera image that shows the unsplit fiber jet during the
SJES process (scale bar is 1 cm). b) The S, parameters used to
quantify fiber orientation and corresponding SEM images are
provided (scale bars are 200 and 10 pm). The classical electro-
spinning setup yields PS nonwovens with a random or oriented fiber
arrangement, and the SJES setup leads to highly aligned PS fibers.
This is confirmed by the corresponding S, parameters and SEM
images.

https://doi.org/10.1021/acsapm.5c03952
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negative voltage. This creates an additional driving force for
the fiber jet to travel toward the grounded collector during
electrospinning. The collector-syringe distance is kept at 24
cm, and the degree of anisotropy is regulated simply by varying
the rotational speed (from 30 to 3000 rpm). This results in
random and oriented PS nonwovens. To achieve an even
higher degree of orientation, SJES is utilized.*>** This
technique has been adapted to match the solution concen-
trations that were used to obtain the random and oriented
nonwovens via the classical electrospinning approach. In the
SJES setup, the back electrode is removed, and the syringe is
placed 1S5 cm above the high-speed drum, which is operated at
3000 rpm. The high-speed camera images in Figure 1b reveal
the travel of the stable and unsplit jet that overcomes the
typically occurring bending instabilities. The combination of a
“low moving velocity jet”* and collection on a high-speed
rotating drum finally enables highly aligned PS nonwovens,
which we will refer to as SJES nonwovens in the following. For
clarity, we term the direction in which the majority of fibers in
oriented or SJES nonwovens are aligned as the “preferred
orientation” or ‘preferred direction. The perpendicular
direction is referred to as the “cross-orientation” or “cross-
direction”.

To validate and quantify the orientation obtained by the
different electrospinning methods and enable well-grounded
discussions on structure—property relationships, we calculate
an orientational order parameter (S,p, parameter)***! for every
nonwoven from the orientation angles q; in the range of —90°
to 90° of fiber segments i and the area ratio of the fiber
segments @,;.

N
Syp=12 Z cos (o, — W)y | — 1
i=1 1
The parameter ranges from 0 to 1, where 0 corresponds to
complete randomness in orientation and 1 to perfect alignment
of the fiber segments. To achieve comparable results, the
microscopy images used for the calculation were rotated so
that the mean fiber orientation becomes 0°. The average S,
parameter across ten images was taken for every sample type.
Further details on the calculation of the S, parameters are
provided in the Supporting Information (Figure S1).
Figure 2a presents SEM images of the nonwoven samples.
The corresponding fiber diameters are summarized in Table

Pressed h Annealed 24 h Annealed ¢+ Random # Oriented } SJES
by
- s ' '
T, 0.1
o .
E .
5 . N
1 N 4
A
0.0 T T
S >
0406 o'b\a 0,0\0
Q& YS\(\ YS\(\
,5\\ h‘(‘
P

Figure 2. Electrospun nonwovens after pressing at room temperature,
annealing at 115 °C for 3 h or annealing at 115 °C for 24 h. a) SEM
images (scale bars are 200 and 10 #m) and the lock-in thermography
phase data. b) Thermal diffusivity values obtained from measurements
at ten positions per sample. The gray line represents the thermal
diffusivity of a hot-pressed PS film.
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S1. Qualitative evaluation of these images aligns with the
calculated S, parameters for all samples. The degree of
orientation increases from the random nonwoven, through the
oriented, to the SJES nonwoven, which exhibits nearly perfect
fiber alignment. The three sample types were either cold
pressed at 2 t to ensure they were sufficiently flat and compact
for LIT analysis or annealed at 115 °C for 3 or 24 h. These
procedures allow investigation of structural changes and the
resulting relationships with thermal transport properties.
Thermal stability at the annealing temperature was ensured
via TGA (Figure S2). During annealing, all nonwovens shrink
significantly. The shrinkage of the random sample is isotropic,
while the oriented and SJES samples primarily shrink along the
preferred orientation (Figure S3). SEM images also reveal that
the fibers transition from straight to wavy shapes upon
annealing. Both observations indicate relaxation of the PS
chains during the annealing process. All films are subjected to
LIT for characterizing their in-plane thermal diffusivity. The
bottom-left inset in Figure 2a shows the phase data for the
random, oriented, and SJES PS nonwovens after pressing or
annealing. The corresponding S, parameters are provided in
the Supporting Information (Table S1). The resulting thermal
diffusivities are summarized in Figure 2b.

The ellipsoidal shape of the 2D phase data for the oriented
and SJES nonwovens, along with the corresponding two
strongly differing thermal diffusivity values, clearly demon-
strates that the structural anisotropy introduced by fiber
orientation results in thermal anisotropy. The higher thermal
diffusivity values correspond to the preferred direction, while
the lower values correspond to the cross-direction. It must be
noted that the phase data for the pressed random sample show
a slight but noticeable thermal anisotropy, while the
corresponding annealed samples appear isotropic. This
suggests that some accidental fiber orientation occurred during
fiber collection on the slowly rotating drum roll, but the
anisotropy is too weak to be detected by the S, parameter
calculations. Given the minimal anisotropy, a single overall
thermal diffusivity value is reported. Regardless of the
postprocessing treatments, the thermal diffusivity values for
the random nonwovens lay between those of the oriented
sample. We rationalize this by the even distribution of contact
points and gaps between neighboring fibers, as seen both
qualitatively in the SEM images and quantitatively in the low
S,p parameter. In contrast, the oriented sample has most of its
gaps and interfiber contact points perpendicular to the
preferred orientation, increasing thermal resistance in this
direction, while transport along the fibers enhances the thermal
diffusivity in the preferred direction. The SJES sample exhibits
a higher thermal diffusivity in the preferred direction compared
to the oriented sample. The SEM image and the higher S,
parameter validate the improved fiber alignment, which
reduces hindrance to thermal transport in the preferred
direction. Interestingly, the SJES sample also shows higher
thermal diffusivity in the cross-direction. This is not
immediately explained by its higher S,;, parameter, as a higher
degree of orientation is expected to reduce thermal transport
across the fibers. Nevertheless, this can be attributed to the
exceptional degree of alignment in the SJES nonwoven: the
fibers are so well aligned that a substantial portion of their
lengths are in direct contact, creating a significantly larger
contact area. In contrast, the oriented nonwoven sample
exhibits some misalignment, which disrupts interfiber contact
and reduces cross-directional heat transfer. This difference

https://doi.org/10.1021/acsapm.5c03952
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becomes even more apparent when comparing the thermal
anisotropy, defined as the ratio of thermal diffusivity in the
preferred direction to that in the cross-direction. For the SJES
sample, this ratio is 2.8. Meanwhile, the very low cross-
direction diffusivity of the oriented nonwoven results in a
much higher thermal anisotropy of 8.6.

Annealing has notable effects on the thermal diffusivities of
the electrospun samples. In randomly oriented specimens,
thermal diffusivity increases by more than 50% after 3 h of
annealing, and by over 70% after 24 h. This enhancement is
likely due to a combination of shrinkage and fiber fusion.
Shrinkage increases the interfiber contact density, improving
thermal transport. In parallel, SEM images show that annealing
causes fibers to fuse at their contact points, which significantly
reduces thermal contact resistance and further facilitates heat
transfer across fiber interfaces. The longer the fibers are
annealed, the more extensive the fusion appears to be, resulting
in lower contact resistance and higher thermal diffusivity.

In the preferred direction, both the annealed oriented and
SJES samples exhibit higher thermal diffusivities than the
random sample. Notably, the values for the SJES sample
approach those of a hot-pressed reference PS film, indicated by
the gray line in Figure 2b. These enhancements are not due to
improved alignment, as confirmed by S, parameters (Table
S1). To explore possible changes at the molecular level,
polarized Raman spectroscopy was applied, but no significant
differences in polymer chain orientation were observed (Figure
S4). The increase in fiber waviness after annealing, however,
suggests PS chain relaxation, indicating a transition from a less
coiled, possibly even slightly stretched conformation to a more
relaxed, amorphous state. Since this structural change would
typically be expected to reduce thermal diffusivity rather than
enhance it, the observed increase in thermal transport is more
likely due to improved contact quality between fibers.
Misaligned fibers, which previously disrupted orientation and
hindered transport along the preferred direction, fuse with the
aligned fibers during annealing. As a result, they interfere less
with heat transport in the preferred direction.

In the cross-direction, the thermal diffusivity of the oriented
nonwoven increases significantly after 3 or 24 h of annealing.
This reduces the thermal anisotropies from 8.6 to 2.8 and 2.2,
respectively. While shrinkage may contribute by increasing the
total contact area, this effect is likely limited, as shrinkage
primarily occurs in the preferred direction and thus does not
significantly increase the number of cross-fiber contact points.
In contrast, fiber fusion is clearly visible in SEM images of the
annealed oriented nonwovens and becomes more pronounced
with longer annealing times. Since the cross-direction thermal
diffusivity also increases with annealing time, we conclude that
fiber fusion and the resulting reduction in thermal contact
resistance are the main driving forces of this enhancement.

In contrast, the cross-direction thermal diffusivity of the
SJES samples decreases upon annealing for 3 h, despite SEM
evidence of fiber fusion at contact points. However, these
images also reveal a reduced contact area between neighboring
fibers. The loss of the straight fiber shape, originally enabling
nearly perfect close-packing in the pressed SJES samples,
introduces gaps between fibers that were previously in contact.
This explains the reduced thermal diffusivity in the cross-
direction for the SJES sample annealed for 3 h. Combined with
increased diffusivity in the preferred direction, this results in
higher thermal anisotropy (5.1) compared to the pressed SJES
nonwoven (2.8). In the SJES sample annealed for 24 h, the
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cross-direction thermal diffusivity returns to a value close to
that of the pressed sample. Since the long-range structure
remains similar to that of the 3 h annealed specimen, this
cannot be attributed to differences in contact area size. Instead,
it is possible that more extensive fiber fusion in the 24 h
annealed nonwoven compensates for the loss of initial contact
area by significantly reducing thermal resistance at those fused
sites. Nevertheless, the cross-direction thermal diffusivities of
the annealed SJES samples remain lower than those of the
corresponding oriented samples. This implies that increased
fiber waviness in the oriented nonwoven does not significantly
reduce the number of contact points, as the initial orientation
was already only moderate. In contrast, the highly aligned SJES
samples are severely affected by the introduction of the gaps.

In conclusion, random fiber orientation in nonwovens leads
to isotropic thermal transport on a macroscopic length scale.
The thermal diffusivity in such nonwovens lies between those
observed in the preferred and cross-direction. Also, a higher
degree of orientation enhances thermal diffusivity in the
preferred direction and suppresses transport in the cross
direction, as long as the interfiber contact is not significantly
enhanced by the alignment. In such cases of near-perfect
alignment, the resulting large contact area can also promote
heat transfer across fibers. The annealing experiments, together
with the behavior of the pressed oriented sample, show that
even small gaps between fibers are sufficient to significantly
hinder thermal transport in the cross-direction. Thus, achieving
high thermal anisotropy depends not on perfect alignment, but
on reducing contact between neighboring fibers while
preserving a high degree of orientation.

In the next step, the material series is expanded by the
introduction of metallic conductors to the PS fiber
architectures. We elucidate this influence by two distinct
strategies. First, by a preprocessing incorporation of AgNWs36
into the electrospinning feedstock. Second, by using an
electroless plating solution of copper on an already formed
nonwoven. The AgNWs were synthesized according to the
polyol method, ™ resulting in NWs with a high aspect ratio, a
diameter of approximately 100 nm, and 5 to 23 ym in length
(Figure SS). The AgNWs form a stable dispersion in water,
which is then freeze-dried before being redispersed in DMF
and mixed with PS (Figure 3a). This solution is then processed
by electrospinning to form PS-AgNW composite nonwovens
with a random as well as oriented fiber orientation resulting
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Figure 3. Schematic illustrations of both functionalization routes a)
Steps of the preprocessing functionalization of PS nonwovens with
AgNWs shown in a BSE-SEM image (scale bar is 3 ym). b) Steps of
the postprocessing functionalization of PS nonwovens with copper.
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Figure 4. Electrospun nonwovens after incorporation of AgNW or coating with copper a) BSE-SEM images highlighting the features of the
functionalization (scale bars are 50 and 10 ym). b) Thermal diffusivity values obtained from measurements at a minimum of ten positions per

sample.

from the setup in Figure la. The prepared fiber nonwovens
show a yellowish-brown color that was already observed for the
electrospinning solution (Figure S5). The proof of the location
of the AgNWs in the PS fiber matrix is given by SEM. With the
use of an SE detector, only the surface of the PS fibers is
imaged, showing no traces of AgNWs on the outside of the
fibers (Figure S6). Using a BSE detector, the AgNWs
embedded in the PS fibers can be visualized, where they
align with the fiber axis (Figure 4a, Figure S7). The ratio of
silver in PS was determined by ICP-OES to be 2.6 wt %,
corresponding to about 0.27 vol %.*’ This also marks the
maximum concentration of AgNW:s that is still compatible with
electrospinning.®® As shown in the BSE-SEM images, this
amount is insufficient for the AgNWs to form a percolating
network, but the AgNWs are strongly coaligned with the
orientation of the polymer fiber.

The second metallized structure is achieved by means of a
wet chemical impregnation. A copper coating is deposited
around the individual fibers of pressed random and pressed
oriented PS nonwovens (Figure 3b). This postprocessing
metallization follows a three-step procedure starting with
coating of the membranes with poly(4-vinylpyridine) (P4VP)
that acts as an anchor group for the silver nanoparticles
(AgNPs) that are seeded in the next step. The AgNPs then
form the nuclei for the electroless deposition of copper,
resulting in a copper layer covering the individual PS fibers
(Figure S8).%” After this final step, the nonwovens appear with
a coppery finish (Figure S9).

The BSE-SEM images of Figure 4a show the well-defined
copper shells. In the cross-section images, it becomes evident
that the thin copper coating enwraps the individual fibers with
contact points between individual fibers allowing for the
formation of a percolating network. Although random and
oriented nonwovens were treated simultaneously in the same
reaction container (Figure S9), the copper layer is more
uniformly distributed in the random nonwoven compared to
the oriented nonwoven. While the copper layer in the random
nonwoven is about 50 to 100 nm thick, the coating in the
oriented nonwoven becomes increasingly sparse toward the
center (Figure S10). This comparison showcases that the fiber
arrangement can significantly influence the electroless plating
and, consequently the distribution of the coating. In the
random nonwoven, the isotropic fiber orientation creates
numerous interconnected cavities with random shape and
distribution, allowing the functionalization solutions to
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efficiently penetrate the entire membrane. In contrast, the
aligned fibers in the oriented nonwoven tend to form bundles
of several fibers leading to denser layers. The gaps between
such bundles, caused by misalignment and imperfections, are
predominantly oriented along the preferred direction. These
elongated cavities are larger but less frequent compared to the
random nonwoven case. As a consequence, the anisotropic
cavities in the oriented nonwoven case do not form an
interconnected cavity network. This hinders imbibing of the
metallization solution. Moreover, during copper deposition,
the growing metal layer can further narrow or close these
already limited cavities, aggravating the difficulty of coating the
membrane’s interior.

These structures are analyzed using LIT to investigate how
the presence, geometry, and concentration of highly con-
ductive materials affect thermal transport in the nonwovens. As
shown in Figure 4a and Figure S7, the AgNWs do not form a
percolating network but remain as individual wires aligned in
the same direction as the PS fibers. Comparing the random PS
nonwoven with its counterpart containing 0.27 vol % AgNWs,
the thermal diffusivity increases from 0.048 mm?® s™* to 0.090
mm?* s™!. Considering the excellent thermal transport proper-
ties of AGNWs (~191 — 332 W (m K)™)**** this increase is
relatively modest. It shows that the high contact resistance
between the PS fibers significantly limits the potential impact
of the AgNWs even when they align with the fiber axes. In
accordance with the previously discussed samples, the thermal
diffusivity of the random nonwoven with AgNWs lies between
the preferred direction and cross-direction diffusivities of the
corresponding oriented sample. Interestingly, the incorpora-
tion of AgNWs results in a 1.6-fold increase in thermal
diffusivity along the preferred direction (from 0.095 mm?* s~
to 0.152 mm?® s7'), while diffusivity in the cross direction
increases by a factor of 3.8 (from 0.011 mm?* s™" to 0.042 mm?
s7!). Since the AgNWs are embedded within the PS fibers,
they cannot reduce interfiber contact resistance. However, the
S,p parameter of the oriented pure PS sample is 0.86, whereas
that of the AgNW containing oriented sample is considerably
lower at 0.58 (Table S1, Figure S11). This lower degree of
alignment likely contributes to the more pronounced effect of
AgNWs on the thermal diffusivity in the cross direction. A
higher proportion of fibers misaligned from the preferred
direction enhances thermal transport perpendicular to it, while
reducing transport along it. Overall, these results show that
phonon scattering at the fiber boundaries, as primary

https://doi.org/10.1021/acsapm.5c03952
ACS Appl. Polym. Mater. 2026, 8, 1954—1963



ACS Applied Polymer Materials

pubs.acs.org/acsapm

bottleneck for the thermal transport, diminishes the effective-
ness of highly conductive fillers also in the preferred direction.
Minimization of scattering is therefore essential to harness the
full potential of conductive fillers in composite materials.

In contrast to the AgNW nonwovens, the copper coated
samples form an electrically percolating network. The
conductance of the samples is estimated using the four-point
probe method, assuming square geometry and applying a
correction factor to account for the relatively small sample size.
For the random sample we obtain a sheet conductance (26.2 S
sq~! £ 2.6 S sq7'), which is significantly higher compared to
the oriented nonwoven. The electrical sheet conductance of
the oriented sample is slightly lower in the cross-direction (7.4
Ssq™' + 0.1 Ssq™") compared to the preferred direction (8.3 S
sq! + 0.3 S sq71).* This difference can be explained by the
structural characteristics of the samples. The copper coating is
homogeneously distributed throughout the entire random
nonwoven, such that all fibers contribute to electrical transport.
In contrast, the oriented nonwoven was coated with copper
only near the interfaces, leaving about one-third of the interior
thickness uncoated. To account for this in the conductivity
calculation, the full thickness is used for the random sample,
while only one-third of the thickness is considered for the
oriented sample.’® With this adjustment, the resulting
conductivity values are comparable: 2405 S cm™' for the
random sample, 2168 S cm™ in the cross-direction, and 2436
S cm™! in the preferred direction of the oriented sample. The
low degree of electrical anisotropy is surprising in the case of
the oriented copper coated sample. Apparently, the fiber
bundles and their copper coating lead to an electric
conductivity in the cross-direction, which is only slightly
lower compared to the preferred direction. The presence of
few elongated cavities only slightly obstructs the effective
electric transport across the interfiber contacts. This
observation can be understood similarly to the SJES sample,
where the cross-orientation thermal diffusivity was found to be
remarkably high (Figure 2b) due to the high interfiber contact
areas.

Measuring the thermal diffusivity of copper-coated non-
wovens using LIT presents challenges, as the reflectivity of the
copper leads to low signal-to-noise ratios even after coating the
samples with carbon. Hence, the absolute values should be
interpreted with caution (Figure S12). Nevertheless, the
comparison of the anisotropy allows relevant insights into
the interplay of nonwoven structure and the observed heat
transport. Here, the measured thermal diffusivities are
significantly higher compared to pure PS nonwovens.
Consequently, the copper network transports the majority of
heat in this system. In contrast to the AQNW nonwovens, the
copper-coated specimens comprise a higher metal volume
fraction and form a percolating copper network, enabling more
efficient heat propagation. Analogously to the unfunctionalized
PS samples the random nonwoven’s diffusivity falls between
the values measured along and perpendicular to the preferred
direction in the oriented one. This indicates that the different
degree of copper functionalization plays a subordinate role for
the effective thermal diffusivity. In contrast to the electric
measurements, the structural anisotropy is preserved for the
heat transport. The oriented copper coated nonwoven exhibits
a thermal anisotropy of ~2.8, whereas the electrical anisotropy
(1.1) is almost isotropic. Nevertheless, the introduction of
cross-direction electric transport attenuates the thermal
anisotropy. Considering the order parameters of the oriented
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PS nonwoven (0.86) and the oriented copper coated
nonwoven (0.77) it is noteworthy that the thermal anisotropy
decreased from about 8.2 to 2.8. Since both, the electric and
thermal transport, are governed by the copper coated fibers it
is interesting to conclude that even though the underlying
nonwoven structure is identical in both cases, different degrees
of anisotropy can be observed depending on the type of
transport.

Hl CONCLUSION

This study systematically investigates thermal transport in
polymer nonwovens, focusing on how anisotropy, structural
modifications, and functionalization influence heat conduction.
Through the controlled fabrication of a set of nonwovens,
varying in fiber orientation, processing history, and function-
alization, we establish a framework for analyzing how specific
design parameters affect thermal transport in fibrous materials.

The results validate that random fiber arrangements lead to
isotropic thermal transport, whereas oriented or SJES non-
wovens exhibit pronounced thermal anisotropy. However, the
enhancement of anisotropy through increased orientation is
limited. As fiber alignment approaches perfection, the resulting
increase in contact area between fibers can actually promote
cross-directional heat transfer. Annealing was found to fuse
fibers at contact points, reducing thermal resistance and
increasing thermal diffusivity. However, the emergence of gaps
between fibers or fused fiber bundles can substantially hinder
cross-directional conduction. Both results highlight that limited
contact between fibers, rather than perfect alignment, is key to
achieving high thermal anisotropy.

AgNWs embedded within the nonwoven fibers yield only a
moderate increase in thermal transport, not only due to the
lack of percolation but also because of phonon scattering at the
fiber boundaries. Copper coatings deposited around the fibers,
on the other hand, form percolating networks that significantly
enhance thermal diffusivity. The results also suggest that
thermal transport is more influenced by the overall fiber
architecture, whereas electrical conductance is more sensitive
to local structural variations. This observation clearly warrants
further investigation and highlights metal-coated nonwovens as
a promising system for exploring and potentially decoupling
electrical and thermal conduction, an important step toward
the targeted design of multifunctional materials. In conclusion,
minimizing phonon scattering and controlling structural
features, rather than solely maximizing fiber or filler alignment,
are key to tailoring thermal transport for optimal performance
of fiber-based materials. These insights establish a strong
foundation for the rational design of next-generation thermal
management materials.

B EXPERIMENTAL SECTION

Materials

In this study, polystyrene (Sigma-Aldrich, M, 119 000, M,, 193
000), poly(vinylpyrrolidone) (Sigma-Aldrich, M,, 1 300 000 by
LS), poly(4-vinylpyridine) (Sigma-Aldrich, M, 160 000),
polyethylene glycol 400 (Sigma-Aldrich), silver nitrate (VIWR
Chemical, 99—100.5% Ph. Eur.), iron(III) chloride (Fisher
Chemical, >97.0%), sodium chloride (Bernd Kraft, p.a.),
sodium citrate (Fisher Chemical, 98%), sodium borohydride
(Fluka, >96%), sodium hydroxide (Fisher Chemical, p.a.),
copper(1l) sulfate pentahydrate (Alfa Aesar, 99%), potassium
sodium tartrate tetrahydrate (Alfa Aesar, 99%), formaldehyde
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(Alfa Aesar, 37 wt %, w/w aq. soln. stab. with 7—-8%
methanol), pyridine (Fisher Scientific, >99.5%), ethylene glycol
(Fisher Scientific, p.a. > 99.5%), and dimethylformamide
(Fisher Chemical, p.a. 99.5%) were used as obtained. Other
solvents like acetone and methanol (tech.) were distilled
before further use.

Aqueous dispersions of AgNWs were synthesized according
to the polyol method.*

Preparation of Unfunctionalized PS Film

The homogeneous PS film was prepared by hot-pressing (hot
press 2518 Mod. 25-12-2 HC, Carver, Inc, Indiana, USA). The
PS was evenly distributed in a mold of 100 gm thickness and
molten for 3 min at 220 °C before 2 t were applied for 2 min.
The hot film was then pressed (presss PO Weber GmbH,
Germany) until it cooled down to room temperature.

Preparation of Unfunctionalized PS Nonwovens

A 28 wt % solution of PS in DMF was prepared and filled in a
syringe equipped with a 21G cannula. This syringe was placed
in the electrospinning setup (Figure 1a) 35 cm apart from the
back electrode and 24 cm apart from the grounded drum
collector (diameter: 5 c¢m). For the isotropic nonwovens a
rotation speed of 30 rpm was used, while the anisotropic fiber
orientation was created with a speed of 3000 rpm. The solution
was processed with a feed of 0.6 mL/h while being subjected
to a voltage of +22 kV. To the back electrode a voltage of —3
kV was applied to create a driving force for the fiber jet to
travel toward the collector. The spinning time was fixed at 2 h
while keeping a temperature of 21 °C and a humidity level of
~40%. After removal of the nonwovens, one part of the
membranes was compression molded (hot press 2518 Mod. 25-
12-2 HC, Carver, Inc., Indiana, USA) at 2 t for 1 min, while the
other part was subjected to thermal annealing. For this
purpose, the samples were heated to 115 °C within 11 min in
an oven (Heratherm OGS60, Thermo Scientific GmbH,
Germany) and held at this temperature for 3 or 24 h. The
samples were then cooled within 55 min to below 80 °C,
before taking them out of the oven.

Preparation of Unfunctionalized PS Nonwovens via Stable
Jet Electrospinning (SJES)

A 28 wt % solution of PS in DMF was prepared and filled in a
syringe equipped with a 21G cannula. This syringe was placed
in the electrospinning setup (Figure 1b) 15 cm apart from the
grounded drum collector. For the highly anisotropic non-
wovens a rotation speed of 3000 rpm was used. The solution
was processed with a feed of 0.9 mL/h while being subjected
to a voltage of +18 kV. The spinning time was fixed at 1 h
while keeping a temperature of 21 °C and a humidity level of
~40%. After removal of the nonwovens, one part of the
membranes was compression molded (hot press 2518 Mod. 25-
12-2 HC, Carver, Inc.,, Indiana, USA) at 2 t for 1 min, while the
other part was subjected to thermal annealing following the
same procedure as described above.

Preparation of AgQNW Functionalized PS Nonwovens

The functionalization was adapted from Chen et al.*® The
AgNWs have diameters of approximately 100 nm and lengths
ranging from S to 23 ym. 2.0 mL of a 2.2 wt % aqueous AgNW
dispersion were freeze-dried. The residue was redispersed in
3.88 mL DMF. The solution was put in an ultrasound bath for
S min. Then, 1.5 g PS pellets were added, and the solution was
homogenized in a shaker (Multi Reax, Heidolph Instruments
GmbH & Co. KG, Germany) overnight. Before processing, the

1960

solution was stirred for 1 h at room temperature before being
filled in a syringe equipped with a 27G cannula. This syringe
was placed in the electrospinning setup (Figure 1a) 35 cm
apart from the back electrode and 24 cm apart from the
grounded drum collector. For the isotropic nonwovens, a
rotation speed of 30 rpm was used, while the anisotropic fiber
orientation was created with a speed of 3000 rpm. The solution
was processed with a feed of 0.6 mL/h while being subjected
to a voltage of +22 kV. To the back electrode a voltage of —3
kV was applied to create a driving force for the fiber jet to
travel toward the collector. The spinning time was fixed at 2 h
while keeping a temperature of 21 °C and a humidity level of
~40%. After removal of the nonwovens, they were
compression molded (hot press 2518 Mod. 25-12-2 HC, Carver
Inc., Indiana, USA) at 2 t for 1 min.

Preparation of Copper Functionalized PS Nonwovens

The metallization was adapted from Langner et al.*’ Pieces of
pressed unfunctionalized PS nonwoven (3 X 4 cm) were
clamped between two PP frame parts that were glued together
by heat. The loaded frames were placed in 90 mL of a P4VP
solution in methanol (6.6 mg/mL) in a bespoke made Teflon
reaction container (Figure S9) and stirred for S min. After a
short draining, the nonwovens were dried overnight at 80 °C
in vacuum. The dried nonwovens were immersed in 90 mL of
2 0.2 X 107> M AgNP dispersion. For preparation of the AgNP
solution, an amount of 42 mg (0.247 mmol) AgNO; and 65
mg (0.252 mmol) sodium citrate were dissolved in 1000 mL
distilled water. Subsequently, 0.55 mg (0.015 mmol) NaBH,
dissolved in 3 mL water were added. The nonwoven loaded
AgNP solution was degassed twice at 1 mbar until the solution
began to boil. The samples were left in the AgNP dispersion
for 24 h under shaking at 60 rpm before being rinsed with
distilled water. For the deposition of copper on the
nonwovens, 90 mL of the solution prepared as described in
the following was used to immerse the nonwovens. An amount
of 1.0 g (4 mmol) CuSO,-SH,0 was dissolved in 40 mL water,
followed by dissolution of 2.5 g (8.8 mmol) potassium sodium
tartrate tetrahydrate. Subsequently, 1.5 g (24.8 mmol) NaOH,
0.2 g (4.54 mmol) PEG 400, 6.1 uL pyridine, and 3.0 mL
formaldehyde were dissolved in the solution. The flask was
filled up to 100 mL. The loaded reaction container was placed
in a water bath with a temperature of 45 °C for 30 min while
stirring slowly. Nonwoven samples were taken and rinsed with
water. The wet nonwovens were then placed on filter papers
for predrying, followed by drying at 80 °C in vacuum
overnight.

Analytical Instruments and Methods

Images of the fiber jet were taken with a CRS000 X 2 Ultra
Highspeed camera (Optronis GmbH, Germany), equipped with
a Sigma 24—70 mm f/2.8 EX DG lens (Sigma Corporation,
Japan).

An FEI Quanta FEG 250 (Thermo Fisher Scientific Inc.,
Oregon, USA) was used for SEM characterization of the
polystyrene nonwovens. Besides an ETD-detector, a CBS-
detector was used for the visualization of the functionalization.
Before measuring, the samples were sputtered with platinum
by a 208HR sputter coater (Cressington Scientific Instruments
Ltd., UK). The layer thickness lied around 1.6 nm.

The metal content of the used AgNW dispersion and
composite nonwovens was determined from ICP-OES (Avio
200, PerkinElmer, Massachusetts, USA) equipped with a
PerkinElmer S10 autosampler, echelle polychromator, argon
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nebulizer and CCD semiconductor detector. For calibration of
the respective sample matrix a single silver element standard
(PerkinElmer, Massachusetts, USA, 1000 pg/mL) was used.
Before measurement, 0.1 mL of the AgNW dispersion,
respectively 0.02 g of the AgNW functionalized PS nonwovens
were dissolved in S mL nitric acid. The solutions were then
placed in the glass inlays for Teflon reactors. The microwave
assisted digestion took place in an Anton Paar Multiwave GO
(Austria). In the program, the samples were digested twice for
15 min at 185 °C. The digested solutions were diluted to 100
mL with deionized water (Millipore Milli-Q Plus system,
QPAK*2 purification cartridge, Merck KGaA, Germany).

Microscopy images and topographic reconstructions were
obtained with a laser scanning confocal microscope (LEXT
OLSS000, Olympus Corp., Japan) in reflection geometry with a
white light source and a 405 nm laser. For the determination of
the orientational order parameters ten images were taken with
overexposure and converted into grey scale images. The
orientations, diameters and lengths of fiber segments were
obtained using the software MountainsLab by Digital Surf
(Figure S1). The images were turned by adding or subtracting
angles to all segment orientation angles until their average
orientation was 0°. Then the orientation angles between 90°
and —90° were used to calculate the S, parameters according
to Formula 1. For the calculation of electrical conductivity
values the area and thickness of the copper coated samples
were determined to 166.7 mm? and 109.1 um for the random
sample and 122.4 mm® and 102.0 pm for the oriented sample
using the data analysis software corresponding to the confocal
microscope (Olympus Corp., Japan).

Electrical conductivity was measured using a custom-built
four-point probe setup. This setup consists of four spring-
loaded pin electrodes, evenly spaced at a distance of 1 mm,
with spherical (0.42 mm) rhodium-coated gold tips (NPS8-N,
MISUMI Europa GmbH, Germany). The electrodes are
mounted on a 3D-printed head connected to a force-pressure
sensor (Series-4, MARK-10 Corp., New York, USA). Measure-
ments were carried out under constant current and auto mode
using a Keithley 2400 multimeter (Tektronix Inc, Oregon,
USA) with an applied pressure force of 0.34 N—0.44 N. Three
measurements, each comprising 500 data points, were
conducted at different positions on each copper coated
nonwoven to obtain the average electrical resistance values
and corresponding standard deviations. The square roots of the
sample areas were used to estimate the effective side lengths.
Correction factors corresponding to these side lengths were
then obtained by interpolating values reported in the
literature.”® These factors were subsequently applied to
calculate the electrical sheet conductance. To calculate the
electrical conductivity the sheet conductance was multiplied by
the sample thickness. For the random sample, the measured
thickness was used, while for the oriented sample, the
measured thickness was divided by three prior to multi-
plication to account for the partial copper coating.

Prior to LIT measurements the nonwovens were coated on
both sides with a thin carbon layer (10 nm—40 nm) to
enhance surface emissivity (EM ACE600 Carbon Thread
Coater, Leica Microsystems GmbH, Austria). Then periodic
thermal excitation was applied using a point laser (model
S1nano-N520-0.9-005-P-12-4-28-0-150, Schifter + Kirchhoff
GmbH, Germany) at a maximum power of 0.9 mW. To
account for variations in thermal penetration depth, different
excitation frequencies were used: 0.18 Hz for pressed and

annealed nonwovens, 0.3 Hz for nonwovens containing
AgNWs, and 1.0 Hz for copper-coated nonwovens. 0.1 Hz
was used for the homogeneous pressed PS thin film. The
thermal response was monitored with an ImageIR 9430
research IR camera (InfraTec GmbH, Germany) with a
spectral window of 1.5 to 5.5 ym and equipped with a M =
1.0X objective. All measurements were carried out under
vacuum conditions (pressure <107° bar) in a chamber with an
optically transparent N-BK7 glass window to minimize
convective heat losses. The time—temperature data were
processed using the IRBIS software (InfraTec GmbH,
Germany), which extracts amplitude and phase data via
Fourier transformation. From the linearized amplitude and
phase data as a function of the spatial distance from the laser
excitation point, the thermal diffusivity values were calculated
using the slope method.

Polarized Raman measurements were performed on a
confocal WITec Alpha RA+ Raman imaging system, equipped
with an UHTS 300 spectrometer and a back-illuminated Andor
Newton 970 EMCCD camera (Suite SEVEN 7.0 software
package, WITec GmbH, Germany). Raman spectra were
recorded with an excitation wavelength of 4 = 532 nm and a
50% long working distance objective (LD EC Epiplan-Neofluar
DIC, Zeiss AG, Germany, NA = 0.55), employing a laser
intensity of 12 mW and an integration time of 0.5 s (50
accumulations). All spectra were subjected to a background
removal routine.
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Table S1: Fiber diameter of the different (functionalized) PS nonwovens determined by evaluation of respective
SEM images using the software ImageJ and the corresponding orientational order (S2D) parameters determined
from microscopy images using the software Mountainslab.

Orientational order

Sample Diameter [um] parameter Sz2p
PS random pressed 2.70+0.45 0.19 + 0.09
PS random annealed 3h 3.27 £ 0.64 0.21 +0.09
PS random annealed 24h 3.52+0.92 0.27 +0.07
PS oriented pressed 2.78 +0.35 0.86 + 0.04
PS oriented annealed 3h 487 +£1.18 0.67 +0.10
PS oriented annealed 24h 4.70+1.38 0.81 + 0.04
PS SJES pressed 3.98 +0.49 0.95 + 0.03
PS SJES annealed 3h 4.39+0.43 0.87 + 0.09
PS SJES annealed 24h 5.09 £ 0.57 0.89 + 0.03
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PS random AgNWs incorporated 2.06 £0.27 0.25+0.16

PS oriented AgNWs incorporated 1.04 £0.18 0.58 + 0.04

PS random copper coated 272 +0.32 0.10 + 0.11

PS oriented copper coated 277 +0.31 0.77 + 0.05
Random Oriented SJES
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Figure S1: Exemplary optical microscopy images used to determine the orientational order parameters (S2p
parameters). Detection and segmentation of the fibers is performed with the software MountainsLab. Individual fiber
segments are presented in white, each with a red line in its center showing the orientation (Scale bars are 50 pm).

After segmentation MountainsLab provides a table including the segment diameter d, length /
and orientation of each segment. We calculated the weighing factor for each segment as in

Formula S1.

l; d;

W= o
‘ ZIIX=1 lk dk

(81)

As angles between -90° and 90° are used for the calculation of the Syp parameter the
orientation of the sample under the light microscope can impact the results. To prevent this,
each image was iteratively turned by subtracting the mean orientation angle from all fiber
segment orientations and recalculating the mean orientation angle until the average orientation
was 0°. The Syp parameters are calculated for every image using Formula 1 presented in the
main text. Per sample, ten microscopy images were used to obtain the average Sop parameter

and the corresponding standard deviation.
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Figure S2: TGA of bulk PS (onset temperature at 398 °C) and random PS nonwoven (onset temperature at 401 °C),
demonstrating thermal stability at the annealing temperature of 115 °C. There is no significant difference in thermal
stability between the two sample types.
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Figure S3: Pictures of the electrospun nonwovens with different degrees of orientation before and after annealing
them for 24 h at 115 °C (Scale bars are 1 cm).
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Figure S4: Raman spectra using polarized incident radiation with angles ranging from 0° to 180° of a) pressed
SJES nonwoven and b) SJES nonwoven annealed at 115 °C for 3 h.

Figure S5: a) Picture of the silver nanowire dispersion (22 mg mL™). b) SEM image of silver nanowires used for
the nonwoven functionalization. c) Picture of the random nonwoven (top) and oriented nonwoven (bottom) with
incorporated silver nanowires (Scale bars are 1 cm).
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Random

Oriented

Figure S6: SEM images of nonwovens containing silver nanowires, captured using a secondary electron detector
and a backscattered electron detector. The images confirm the incorporation of silver nanowires into the PS fibers
(Scale bars are 10 pm).

Figure S7: SEM images of nonwovens containing silver nanowires, captured using a backscattered electron
detector. The images confirm the incorporation of silver nanowires into the PS fibers (Scale bars are 50 pm).
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Random Oriented

Figure S8: Cross section SEM images of the copper coated nonwovens obtained with a backscattered electron
detector at high magnification (Scale bars are 1 pm).

Figure S9: Pictures of a) the metallization bath used for the copper coating process of PS nonwovens, b) the
random PS nonwoven, and c) the oriented PS nonwoven before and after copper coating (Scale bars are 1 cm).

Figure S10: Optical microscopy cross-section images taken in reflection geometry of a) the random copper coated
nonwoven, showing that the copper coating is present throughout the nonwoven and b) the oriented copper coated
nonwoven, showing that the copper content is reduced towards the center of the sample (Scale bars are 200 um).
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Oriented

Figure S11: Exemplary optical microscopy images of an oriented nonwoven and an oriented nonwoven containing
silver nanowires used to determine the S2D parameters (Scale bars are 50 pm).
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Figure S12: Exemplary Lock-In Thermography data of copper coated nonwovens to visualize the analysis difficulty.
a) 2D data of the random nonwoven (Scale bars are 1 mm). b) Linearized 1D plots for the random nonwoven. c)
2D data of the oriented nonwoven (Scale bars are 1 mm). d) Linearized 1D plots for the oriented nonwoven in the
preferred direction and in the cross-direction.
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ABSTRACT

Polypropylene (PP) homopolymers and copolymers play a pivotal role in the plastics industry. With applications spanning au-

tomotive components, electronic housings, construction materials, and food packaging, understanding their thermal trans-

port properties is essential. This study investigates the impact of a highly efficient 1,3,5-benzenetrisamide (BTA) nucleator

(N,N’,N"-tris(3-methylbutyl)benzene-1,3,5-tricarboxamide) on the thermal diffusivity of injection- and compression-molded

propylene-ethylene random copolymer (racoPP). Results are compared with those for a less efficient BTA (N,N’,N”-tris(n-butyl)

benzene-1,3,5-tricarboxamide) and a control sample without additives. We supplement our thermal characterizations with x-ray

diffraction (XRD) and small-angle x-ray scattering (SAXS) analyses and demonstrate that the processing method and the pres-

ence of BTAs can impact the crystallinity and orientation of the PP lamellae. However, the thermal diffusivity of racoPP exhibits

remarkable resilience to these changes, ensuring the consistent performance that is often required in industrial applications.

1 | Introduction

Polypropylene (PP) is one of the most widely applied plastics
worldwide [1]. It shows low density, great mechanical prop-
erties, and thermal resistance at low costs. These properties
strongly depend on the microstructure and morphology of
the PP object, which can be controlled by the processing pa-
rameters and by the addition of suitable additives and fillers
[1, 2]. Controlling and promoting the nucleation in PP and in
related copolymers is used to reduce the cycle time during
processing and to improve its mechanical and optical prop-
erties [3]. This includes the increase of flexural strength and
modulus, tensile strength and modulus, impact resistance, ri-
gidity, clarity, reduction of haze, and even the enhancement of

charge-storage properties [4-9]. Injection molding represents
one of the most applied industrial manufacturing methods for
PP. The polymer is heated until melting and injected into a
cold mold, where it solidifies into the shape of the mold [1, 10].
Thereby, the process parameters, such as temperature, shear
force, cooling rate, and pressure, all affect the properties of
the obtained PP product. Owing to the semicrystalline nature
of iso-tactic PP (iPP), this includes the ratio of the crystal mod-
ifications («, 8, y), the ratio of the amorphous to crystalline
phase, the presence and size of three-dimensional spherulites,
oriented lamellar crystallites, shish-kebab structures, and gra-
dients and blends of such morphologies [2, 10-14]. Due to these
numerous levers affecting the polymer's microstructure and
thereby its properties, many papers address injection-molded

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

properly cited.
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PP and, thereby, add another important aspect to the complex
topic [8, 11, 13, 15-19]. Particularly, the temperature evolution
upon cooling an iPP melt is critical for the crystal nucleation
and crystal growth rate and, therefore, decisive for the crys-
tallite microstructure (2, 10, 11]. Increasing the cooling rate,
for instance via thermally conductive fillers, can significantly
increase the number of nucleation sites [2, 10]. A similar effect
can be achieved by adding nucleating agents to the polymer
melt. The nucleators raise the crystallization temperature
and accelerate crystal nucleation by providing numerous het-
erogeneous nucleation sites in the melt. This leads to smaller
spherulite sizes [5-7, 19]. In addition to the nucleation via het-
erogeneous additives, shear can induce orientation-induced
primary iPP nuclei. They lead to accelerated crystallization
and oriented lamellar structures (kebab structures) perpen-
dicular to the flow direction. Note that the primary nuclei may
be long fibrillar extended chain crystals (shish structures), but
they may also be small clusters of aligned chains. Hence, the
evolution of shish structures is not necessary for the formation
of oriented kebab structures. Furthermore, the extent of crys-
tal orientation is dependent on factors such as the molecular
weight distribution, the strain, and the shear rate [12].

1,3,5-Benzenetrisamide (BTA) derivatives represent an excellent
and versatile family of nucleating agents. The good solubility of
several BTA types in an iPP melt ensures a homogeneous distri-
bution of the additive. Even at very low weight fractions, these
additives can significantly enhance nucleation and induce high
transparency and clarity of iPP [4, 7, 20-22]. Furthermore, de-
pending on the chosen BTA, different crystal modifications of
iPP can be selectively induced [20, 23]. Here, we focus specifi-
cally on their nucleation effect in a propylene-ethylene random
copolymer (racoPP). RacoPPs contain a small amount of eth-
ylene as a comonomer and can be regarded as iPP, with the co-
monomer acting as defects in the polymer chain sequence [24].
As a result, racoPPs have a lower melting point, higher trans-
parency, and improved toughness compared with iPP, while
supramolecular nucleating agents, such as distinct BTAs, re-
main similarly effective [1, 21]. As the polymer melt cools, the
BTA molecules crystallize into finely dispersed, highly ordered
fibrils. Based on lattice matching, BTA crystals serve as effi-
cient nucleation sites for the racoPP, fostering epitaxial growth
[21, 22, 25, 26]. Consequently, BTAs represent a highly interest-
ing additive in various applications, and their influence on the
melt temperature, optical, and mechanical properties is inten-
sively studied, along with desired effects. The influence of the
PP microstructure on the thermal conductivity of the resulting
macroscopic objects has, however, been scarcely studied up to
now. The widespread utilization of PP copolymers in electronic
housings, automotive components, or food packaging necessi-
tates an understanding of its thermal transport properties. One
must be aware that processing, post-processing, and the addi-
tion of nucleating agents may impact the thermal transport
characteristics. Herein, it is our objective to provide clarity on
this matter. We investigate how the presence of N,N’,N"-tris(iso-
pentyl)benzene-1,3,5-tricarboxamide  (iPe-BTA), which is
known to efficiently nucleate iPP, affects the thermal diffusivity
of injection-molded racoPP. It is compared with N,N’,N”-tris(n-
butyl)benzene-1,3,5-tricarboxamide (nBu-BTA), a structurally
similar BTA additive that has a low nucleation capability, and
with no additive at all [20, 21]. The chemical structure of the

chosen BTAs is shown in Figure la. Moreover, we explore the
influence of further processing by pressing the injection-molded
samples into thin films and subsequently compare the thermal
diffusivities once again. These assessments are supported by
structural analyses to unveil the potential presence of an under-
lying structure—property relationship.

2 | Results and Discussion
2.1 | Injection-Molded Samples

To comprehensively study the influence of the BTAs on the
racoPP morphology, a series of injection-molded samples were
prepared with a diameter of approximately 27.0mm and a
thickness of about 1.1 mm. Three BTA concentrations were se-
lected: 0.5wt%, 0.1 wt%, and 0.05wt%, which ensure a sufficient
amount of BTA for the formation of nanofibrils in the racoPP
while maintaining good processability for injection-molding. X-
ray diffraction (XRD) analysis was performed to assess the im-
pact of the BTAs on the polymer's crystallinity. The results for
a concentration of 0.5wt% are exemplarily shown in Figure 1b.
Although the difference in the calculated crystallinities is small,
and the absolute values should be interpreted with caution, their
comparison follows the expected trend: RacoPP with iPe-BTA
exhibits the highest relative crystallinity (46%), followed by ra-
coPP containing nBu-BTA (41%), and finally neat racoPP (38%)
(Figure S1). The reflections below 10°, visible for the samples
containing nBu-BTA or iPe-BTA, correspond to the most in-
tense reflections of BTA nanocrystallites. They demonstrate
that the BTA molecules are self-assembled rather than being
molecularly dispersed within the polymer. These supramolecu-
lar nano-objects of either BTA type function as nucleation sites
in the polymer melt, hereby lowering the energy barrier for the
polymer nucleation [21, 22]. The differences between the two
types of BTA may be reasoned by a superior nucleation perfor-
mance of iPe-BTA compared with nBu-BTA. We confirm this by
studying the crystallization behavior of racoPP in the presence
of the additives, showing a higher crystallization temperature of
racoPP with iPe-BTA than with nBu-BTA (Figure S3). It is gen-
erally acknowledged that lattice matching is a prerequisite for
the nucleation capability of additives; thus, we can attribute the
difference in nucleation performance to a better lattice match of
iPe-BTA with racoPP than nBu-BTA with racoPP [21, 26].

Small-angle x-ray scattering (SAXS) measurements of injection-
molded samples supplement the data on the Angstrom range
by the nanometer length scale. Figure 1c shows the SAXS pat-
terns of three injection-molded racoPP samples with different
concentrations of iPe-BTA. Hereby, we distinguish three sample
positions, which were exposed to different shear rates during
processing. “top” represents a point in the top-third of the sam-
ple that is furthest away from the inlet where the material is in-
jected during processing. “middle” represents the center point of
the circular sample and “bottom” is in the center of the bottom-
third, closest to the inlet. All samples and all sample positions
show a pronounced anisotropy in the SAXS pattern, character-
ized by broad meridional maxima. During injection-molding the
BTAs form thin columnar structures, which are oriented in the
direction of the flow. These function as nucleation sites for epitax-
ial growth of racoPP [22, 25]. As a result, kebab structures with
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FIGURE1 | (a) Molecular structure of the utilized nBu-BTA and iPe-BTA. (b) XRD of injection-molded neat racoPP, racoPP with 0.5wt% nBu-
BTA and with 0.5wt% iPe-BTA. Intensities are normalized to the highest peak. (c) 2D SAXS patterns of injection-molded racoPP with variation in
iPe-BTA content and sample position (with “top” furthest from the inlet, “bottom” closest to the inlet and “middle” in between). (d) 2D SAXS patterns
of injection-molded neat racoPP, racoPP with 0.5wt% nBu-BTA and with 0.5wt% iPe-BTA at different sample positions. The colors are crucial for dis-
playing the results, especially in ¢ and d, to visualize differences in the SAXS patterns. The colors in b and the frames in ¢ and d help to distinguish

the sample types.

an orientation perpendicular to the flow direction evolve, which
is mirrored in the dumbbell-like intensity distribution of the
SAXS patterns. The meridional maxima are most pronounced at
positions closest to the inlet for all three concentrations. As the
distance increases, their distinctiveness diminishes, giving rise
to a more circular intensity distribution. The concentration of
0.1wt% iPe-BTA initially appears to be an exception, as the top
position exhibits a more anisotropic pattern compared with the
middle position. However, this initial impression does not hold
true. A more detailed examination at various positions across
the injection-molded racoPP sample with 0.1wt% iPe-BTA re-
veals a general increase in the azimuthal intensity distribution
with growing distance from the inlet (Figure S4). Consequently,
the deviation observed at the middle position in Figure Ic is
likely attributable to a more amorphous region of the sample
being probed by the x-ray, which reduces the signal intensity at
this specific position and gives the misleading appearance of an
outlier. A slightly higher crystallinity at the bottom of the sam-
ple (48% for 0.5wt% iPe-BTA) compared with the top (45% for

0.5wt% iPe-BTA) implies a higher concentration of orientable
lamellar structures near the inlet. More importantly, higher
shear flow near the inlet enhances the orientation of the fibril-
lar nucleation sites. Therefore, with increasing proximity to the
inlet, a larger fraction of the existing lamellar crystallites has
a preferred orientation. Comparing the different concentrations
at the same measurement positions (excluding the apparent
outlier) reveals that all samples produce similarly anisotropic
patterns. In the case of 0.5wt%, the absolute scattering inten-
sity is slightly reduced. We do not attribute this observation to
the degree of crystallinity, as the values for the samples with
0.05wt%, 0.1wt%, and 0.5wt% iPe-BTA are comparable, at 44%,
46%, and 46%, respectively. Therefore, slight variations in the
specimen thickness, the instrumental setting, or the scattering
contrast might be the reason for the reduced scattering intensity
at 0.5wt%.

In Figure 1d the patterns of neat racoPP are compared with those
containing 0.5wt% BTA. The results for neat racoPP show that
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anisotropy is not solely based on the presence of BTA, but the
BTA addition merely enhances the orientation of PP crystallites.
Especially, the SAXS pattern obtained from the bottom position
exhibits reflexes of greater intensity along the meridional direc-
tion, suggesting that the lamellar PP crystallites have grown in
the perpendicular flow direction. This can be attributed to the
alignment of chain segments in the direction of the flow, lead-
ing to the formation of primary nuclei. The absence of a hor-
izontal streak indicates that these nuclei are not long fibrillar
shish crystals; instead, they likely represent smaller clusters of
aligned chains. Lamellar PP structures grow perpendicularly
from these oriented nuclei in a secondary crystallization stage
[12]. Nevertheless, this orientation of lamellar PP structures
is more dominant when a nucleating agent is added to the ra-
coPP melt. The nBu- and iPe-BTA both lead to meridional max-
ima, which are clearly visible for all measurement positions.
The sample containing iPe-BTA leads to the most pronounced
high-intensity reflexes at the bottom and middle sample posi-
tions. This observation is attributed to the superior nucleation
capability of iPe-BTA compared with nBu-BTA, as evidenced by
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FIGURE 3 | Structural characterization of neat racoPP (gray), racoPP with 0.5wt% nBu-BTA (blue) and racoPP with 0.5wt% iPe-BTA (orange).
(a) XRD patterns comparing the injection-molded and compression-molded samples. Intensities are normalized to the highest peaks. (b) IR spectra
of the compression-molded samples at the bottom-middle position using polarized incident IR radiation. (c) 2D SAXS patterns of the compression-
molded samples at the designated positions (white boxes indicating the orientation of intensity maxima).
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the higher crystallization temperature of racoPP with iPe-BTA
versus nBu-BTA (Figure S3). In summary, the lamellar polymer
structures in injection-molded racoPP are oriented perpendicu-
larly to the flow direction. This orientation and its extent, how-
ever, depend on the position within the sample and the addition
or omission of a BTA nucleating agent.

We verified whether the structural differences between the sam-
ple positions and the sample types affect the through-plane ther-
mal diffusivity, using light flash analysis (LFA). Figure 2 shows
the obtained results for cylindrical samples with a diameter of
1cm obtained from the top and bottom halves of each injection-
molded specimen.

Comparing the values for the top and bottom of the samples, no
correlation between thermal diffusivity and specimen position
can be found, although SAXS determined differences in struc-
tural anisotropy. The reason for this could be that the observed
structural anisotropy reflects an in-plane crystallite orientation,
whereas LFA probes the through-plane thermal diffusivity of the
samples perpendicular to the flow direction during injection mold-
ing. Also, there is no discernible trend in thermal diffusivity with
varying BTA concentrations. This aligns with the consistency ob-
served in the XRD measurements conducted across different BTA
concentrations (Figure S2). The variations in thermal diffusivity
among neat racoPP, racoPP with 0.5wt% nBu-BTA, and racoPP
with 0.5wt% iPe-BTA are also subtle, below 0.04 mm?s~, despite
the differences in crystallinity. It appears that these differences are
not sufficient to induce notable changes in through-plane thermal
transport. We suspect that the amorphous components predomi-
nantly govern phonon propagation and, therefore, limit thermal
diffusivity, even for samples with high crystallinity [27]. All in all,
through-plane thermal diffusivity of the injection-molded sam-
ples is independent of factors such as sample position, BTA con-
centration, or BTA type.

2.2 | Compression-Molded Samples

To obtain thin films from the injection-molded specimens, we
performed compression molding at a temperature of 180°C,
which is well above the melting point of racoPP. After gradu-
ally cooling the samples to 90°C under pressure, films with a
thickness of approximately 0.1 mm were obtained. Infrared (IR)
spectroscopy, XRD, and SAXS measurements were conducted
to analyze the effect of the pressing process on the racoPP struc-
ture (Figure 3).

Figure 3a compares the XRD results before and after compres-
sion molding of the neat racoPP, racoPP with 0.5wt% nBu-BTA,
and racoPP with 0.5wt% iPe-BTA. Due to the slower cooling
rate of the pressed specimens in contrast to the injection-molded
samples, all thin films exhibit an increased degree of crystallin-
ity compared with their injection-molded counterparts. For ra-
coPP with iPe-BTA and neat racoPP, the crystallinities increased
to 57% and 54%, respectively, which can be well explained by
enhanced crystal growth for slow cooling rates. The crystallin-
ity of compression-molded racoPP with nBu-BTA lies beneath
those values at 50%. In addition, the presence of an additional
reflex at about 20° shows the formation of a certain fraction of
the y modification of racoPP, caused by the shear stress and low

cooling rate during compression molding [28]. The persistence
of the peaks below 10° for the samples containing a BTA nucle-
ating agent verifies that the BTA crystal structures are present
within these compression-molded samples.

Polarized IR spectroscopy offers insights into the orientation of
the polymer chains. Since specific vibrational modes of PP are
polarized, the absorption of the corresponding frequencies re-
lies on the polarization angle of the incident radiation [29]. The
full spectra of all measured samples and sample positions with
light polarized by 0°, 30°, 60°, and 90° are provided in Figure S5.
The IR spectra of neat racoPP and racoPP containing 0.5wt%
nBu-BTA do not show a dependency on the polarization angle
of incident radiation (Figure 3b). This points towards an isotro-
pic orientation of the PP chains in these samples. In the spectra
of racoPP with 0.5wt% iPe-BTA, slight differences can be seen
when utilizing light polarizations ranging from 0° to 90°. As the
polarization angle of the incident light decreases, the absorp-
tion of parallel-polarized frequencies () increases, whereas
the absorption of perpendicular-polarized frequencies (5) de-
creases. Although these changes are subtle, the example bands
in Figure 3b, corresponding to the perpendicular-polarized
mode at 1218 cm~! and the parallel-polarized mode at 1256 cm™,
demonstrate the dependence on incident light polarization [29].
Similar observations are noted across the other sample positions
of racoPP containing 0.5wt% iPe-BTA. This result indicates that
the presence of iPe-BTA leads to a weak but observable prefer-
ence for the orientation of the PP chains and thus of the lamellar
crystallites. IR spectroscopy is supplemented by 2D SAXS at 11
measurement positions per sample, evenly distributed to cover
the top, center, and bottom of the specimen. In Figure 3c, a rep-
resentative selection of three measurement points taken from
the right-hand side of each sample is shown (top-right, middle-
right, bottom-right). Details on the locations of the measure-
ment points and the SAXS patterns for all sample positions are
provided inFigures S6 and S7. The 2D SAXS data corresponding
to neat racoPP and racoPP with nBu-BTA show consistent inten-
sity maxima across the entire azimuthal angle range, resulting
in a circular SAXS pattern. This demonstrates an isotropic dis-
tribution of the lamellar crystallites, which is consistent with the
isotropic orientation of the PP chains revealed by IR spectros-
copy. Although the PP chains are aligned within the individual
crystallites, the crystallites themselves are small relative to the
area analyzed by IR spectroscopy and are oriented randomly.
This results in an overall appearance of isotropic PP chain ori-
entation when examined using IR spectroscopy. As discussed,
the XRD data show crystalline nBu-BTA after pressing the sam-
ples. However, the preferential spatial orientation of the PP crys-
tallites was lost during the compression-molding step. Several
possible reasons must be considered: Either the nBu-BTA as-
semblies are not aligned during compression molding, or the
nBu-BTA assemblies are oriented, but the supramolecular ad-
ditive does not dominate the nucleation process. Looking at the
iPe-BTA, we may gain some clues on the most relevant contribu-
tion to this loss of orientation. The measurements conducted on
racoPP with 0.5wt% iPe-BTA reveal broad meridional maxima,
being distinctly different from the neat racoPP and the case of
nBu-BTA. These results are consistent with the IR spectroscopic
data. Considering the similarity between nBu-BTA and iPe-BTA
in inducing crystallite orientation within the injection-molded
samples, no difference in the orientation of the supramolecular
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assemblies consisting of nBu-BTA or iPe-BTA is expected in the
compression-molded specimens. However, the cooling kinetics
is much slower in this case, allowing for significant differences
in the nucleation and growth mechanism of racoPP. Since nBu-
BTA is a less effective nucleating agent for PP and shear is absent
during polymer crystallization, we suspect that the intrinsic
self-nucleation of racoPP plays a dominant role [20, 21]. This
leads to randomly oriented crystallites and competes with the
nBu-BTA nucleation sites, leading to an isotropic SAXS pattern.

The orientations of the dumbbell-like maxima determined for
racoPP with 0.5wt% iPe-BTA are highlighted by white rectangles
(Figure 3c). They are all oriented perpendicularly to the sample
edge, indicating a respective coplanar orientation of the PP lamel-
lae. This result is attributed to the outward flow of the PP melt
during the pressing process. The flow profile orients the BTA fi-
brils outwards to the center. As the lamellae grow perpendicularly
to the BTA nuclei, they result in a coplanar arrangement with re-
spect to the sample edge, which we observe in the SAXS patterns.

The low thickness of the samples allows measuring the in-plane
thermal diffusivities using lock-in thermography (LIT). This
technique is based on periodic heating of the thin film using a
focused point laser, while the temperature distribution is moni-
tored with an IR camera. Fourier Transformation is applied, and
the obtained amplitude and phase data are linearized relative
to the distance from the center of the heat source. The thermal
diffusivity is then calculated using the so-called slope method
[30, 31]. The compression-molded racoPP films without BTA,
with 0.5wt% nBu-BTA, and with 0.5wt% iPe-BTA are measured
in the bottom third, middle third, and top third of the samples.
All measurements yield an isotropic amplitude and phase sig-
nal, as exemplified by the bottom segment of the racoPP sam-
ple containing 0.5wt% iPe-BTA (Figure 4a). This shows that
the preferential orientation of lamellar structures, as confirmed
by 2D SAXS, does not result in anisotropic thermal transport.
Amorphous regions between the crystalline PP lamellae act as a
bottleneck for thermal transport [27]. Apparently, even for high
crystallinities, amorphous regions persist in all directions and
uniformly limit phonon propagation. Within the boundaries
of the processing parameters explored in this study, processing

10!
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racoPP with or without a nucleating agent does not result in
anisotropic heat transport.

In Figure 4b the obtained thermal diffusivity values are pre-
sented. Given that structural anisotropy does not dictate a pre-
ferred direction for heat transport, it is unsurprising that the
diffusivity remains consistent across different sample positions.
Slightly elevated values are observed in the sample contain-
ing 0.5wt% iPe-BTA compared to those with nBu-BTA or neat
racoPP. However, the difference is too marginal to be deemed
significant. Overall, a consistent thermal diffusivity is apparent
across variations in nucleating agent and sample position.

Careful consideration is needed when comparing the through-
plane thermal diffusivity obtained by LFA with the in-plane
thermal diffusivity measured via LIT, as these methods are
inherently based on different measurement principles. Despite
the limitations of LFA to the thick injection-molded specimens
and LIT to thin films, the ability to measure both provides valu-
able insights. It is notable that the thermal diffusivity of the
injection-molded samples is slightly lower than the thermal dif-
fusivity of the pressed samples. This may be attributed to the
higher crystallinity of the compression molded (50%-57%) com-
pared with the injection-molded samples (38%-46%), but may
also be reasoned by the inherent differences of the measurement
techniques. More importantly, it is evident that the results of
all performed thermal diffusivity measurements lay within the
small range of 0.10-0.15mm?s~!. Taking the heat capacity and
density of racoPP into account, this leads to thermal conduc-
tion values between 0.15 and 0.22W (mK)™, regardless of the
processing or the addition of BTA. Furthermore, the structural
anisotropy, driven by the in-plane orientation preference of the
PP lamellae, is not reflected in either the through-plane or in-
plane thermal transport direction. This can be attributed to the
amorphous regions, which uniformly limit the phonon propa-
gation and, therefore, function as bottlenecks for thermal trans-
port [27]. For industrial applications of racoPP, this resilience of
thermal transport represents a practical advantage. Whether the
material is injection-molded, pressed into thin films, or whether
BTAs are added to alter optical and mechanical properties, there
is no need to be concerned about a preferred direction of heat
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FIGURE 4 | LIT of compression-molded samples with a thickness of 0.1 mm. (a) Amplitude and phase signal obtained for compression-molded
racoPP containing 0.5wt% iPe-BTA. (b) Thermal diffusivity a of an injection-molded neat racoPP specimen and racoPP specimens with 0.5wt% nBu-
BTA and 0.5wt% iPe-BTA. Five locations on each sample part (top, middle, and bottom) were probed.
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transport or significant changes in the magnitude of thermal
conduction.

3 | Conclusion

The impact of BTA additives on the thermal diffusivity of ra-
coPP was assessed. Hereby, neat racoPP was compared with
racoPP containing the efficient nucleating agent iPe-BTA and
racoPP containing the less efficient nucleating agent nBu-BTA.
The specimens were additionally classified into injection-
molded and compression-molded samples to analyze potential
processing effects. Structural information was obtained using
XRD, SAXS, and IR spectroscopy. The results demonstrate that
the crystal structure of racoPP is notably influenced by both pro-
cessing method and the presence of BTAs. Differences in crys-
tallinity and orientation of the PP lamellae were determined. On
the contrary, the thermal diffusivity of racoPP exhibits remark-
able resilience to such changes. Although it limits the ability to
easily tune thermal transport, it also ensures the consistent per-
formance that is often required in industrial applications.

4 | Experimental
4.1 | Sample Preparations

N,N’,N”-tris(3-methylbutyl)benzene-1,3,5-tricarboxamide (iPe-
BTA) and N,N’,N”-tris(n-butyl) benzene-1,3,5-tricarboxamide
(nBu-BTA) were synthesized and characterized as described
previously [32]. RD208CF (Borealis AG), a random polypropyl-
ene copolymer (racoPP), was obtained as a fine powder and used
as received. Two powder masterbatches containing 2wt% of the
supramolecular additives were prepared by carefully mixing
23.52g of the racoPP with 0.48g of the respective additive in a
mortar.

Compounding was carried out at 230°C with a corotating twin-
screw microcompounder (Xplore 15mL, [DSM]) under nitrogen
atmosphere at a residence time of 5min and a rotational speed
of 40rpm. Three different concentrations of each of the supra-
molecular additives in racoPP (0.5, 0.1, and 0.05wt.%) were
achieved by a dilution series. In the first step of this dilution
series, 12.5g of a master batch with a concentration of 2.0wt.%
of the additive was compounded until a homogeneous polymer
melt was obtained. After discharging the polymer melt, approx-
imately 4.49 g of the molten polymer-additive mixture remained
in the compounder, which was then diluted to the selected con-
centration by adding a corresponding amount of neat racoPP.

Injection molding was carried out using a microinjection-
molding machine, Xplore 12mL (DSM). The barrel temperature
of the injection-molding unit was set to 230°C. The homoge-
neous polymer melt was transferred from the compounder to
the microinjection-molding machine and then injected into a
polished mold at an injection pressure of 6bar for the duration
of 20s, resulting in round-shaped platelets with a diameter of
27mm and a thickness of 1.1mm. For each polymer-additive
concentration, about five round specimens were obtained.
Several neat racoPP round specimens were produced in the
same way and used as references.

For the thin film preparation, we selected injection-molded
racoPP specimens with additive concentrations of 0.05wt%,
0.1wt%, and 0.5wt% and a neat racoPP specimen as a reference.
To produce homogeneous thin films, an injection-molded plate-
let was placed in the center of a Teflon spacer with a diameter
of 90mm and a thickness of 0.1 mm and sandwiched between
two Kapton foils. The sandwich was placed in a two-column lab
press (PW 20 H HKP300-0165, PO Weber GmbH) at 180°C and
loaded with a force of 2.5kN for 3min. The force was then in-
creased to 15kN, and the press was slowly cooled to 90°C within
approximately 35 min before the thin sample was removed from
the press. The resulting samples have a diameter of 89.5mm and
a thickness of 0.1 mm.

4.2 | Characterization by XRD, SAXS, IR
Spectroscopy, Differential Scanning Calorimetry,
and Helium Pycnometer

XRD was performed via a Bragg-Brentano geometry Empyrean
diffractometer by Malvern Panalytical BV in spinning mode. It
is equipped with a pixel detector using a copper K, (1= 1.54A)
radiation source. The instrument provides the software
Pananlytical’s Highscore Plus for data analysis. The crystallinity
of the processed racoPP samples was estimated by integrating
the relative intensities of the Bragg reflections and amorphous
halos [33]. Examples are given in Figure S1.

SAXS measurements were performed on a lab-based Double
Ganesha AIR system by SAXSLAB/Xenocs. This system is
equipped with a copper rotating anode (MicroMax 007HF by
Rigaku Corporation A=1.54A) and position-sensitive Pilatus de-
tectors from Dectris Ltd (300K for SAXS).

Polarized broadband IR spectroscopy was applied with a Vertex
70 by Bruker Corporation in combination with a corresponding
polarizer.

DSC measurements were performed on a Discovery DSC 2500 by
TA Instruments Inc. The heat capacity of racoPP was determined
to be 1.819+0.004J (gK)~!. It was calculated from three mea-
surements, all according to the American Society for Testing
and Materials (ASTM) E1269 standard. The crystallization peak
temperatures of racoPP were determined during cooling at a rate
of 20°C/min, under nitrogen, after holding at 230°C for 15min.

To determine the density of racoPP, a small amount of the
injection-molded sample was measured with an Ultrapyc 1200e
helium pycnometer by Quantachrome Instruments. The average
density was calculated to be 0.815+0.003gcm™ using 25 indi-
vidual measurement results.

4.3 | Lock-In Thermography

Each compression-molded sample was coated with a thin layer
of carbon (10-20nm) on both sides. They were excited period-
ically with a frequency of 1.3Hz using a point laser (5Inano-
N520-0.9-005-P-12-4-28-0-150) by Schdfter+ Kirchhoff GmbH
with a power of 0.9 mW. The temperature evolution was mon-
itored with an ImagelR 9430 research IR camera by InfraTec
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GmbH, with a spectral window ranging from 1.5 to 5.5um. It
was mounted with an M=1.0X microscopy objective. The ex-
periments were performed in a vacuum chamber (p <0.02 mbar)
containing an optically transparent N-BK7 glass window to
minimize convective heat losses. The time-temperature data
were converted by Fourier transformation to an amplitude and
phase signal via the IRBIS software provided by InfraTec GmbH.
The linearized amplitude and phase signals as a function of the
distance from the excitation point of the laser were then used to
obtain the thermal diffusivity (slope method).
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Supporting Information

Do Nucleating Agents or Processing Methods
Affect the Thermal Transport in RacoPP?

Ina Klein, Maria Ester Marroquin Lacayo, Thomas Blesch, Sabine Rosenfeldt, Patrick
Langer, Klaus Kreger, Stefan Rettinger, Jiirgen Senker, Hans-Werner Schmidt, Markus
Retsch”

Injection-Molded Specimens
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Figure S1: XRD of injection-molded racoPP specimens with 0.5 wt% BTA with the applied
background.
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Figure S2: XRD of injection-molded racoPP specimens with various concentrations of iPe-
BTA. Intensities are normalized to the highest peak.
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Figure S3: DSC measurements of neat racoPP (grey), racoPP with 0.5 wt% nBu-BTA (blue)
and racoPP with 0.5 wt% iPe-BTA (orange) showing the corresponding crystallization peaks.
Cooling was perforemd at a rate of 20 °C min™'.
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Figure S4: 2D SAXS patterns of the injection-molded racoPP sample with 0.1 wt% iPe-BTA.
The approximate positions of the 60 SAXS measurements on the injection-molded sample with
a diameter of 27 mm correspond to the positions shown within the circle.

Figure S4 clearly shows that also for the injection-molded sample containing 0.1 wt% iPe-BTA
the azimuthal intensity distribution increases with growing distance from the inlet.

When using the raster containing 3 measurement positions to obtain the patterns for Figure 1 c,
the middle position showed a more amorphous region of the sample being probed by the X-ray.

This specific position was apparently not probed using the raster to obtain the 60 measurement

positions shown here.
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1.0
081 \/ A
gcg i iPe-BTAwf/A\‘ b I allh! !
§ 06 Top i \fﬂ H.
E 10
2] -
E 04 1 — 300
= 02 60°
| 90°
0.0 -— . - T ' ' '
6000 4000 2000
Wavenumber / cm™?!
b
1.0 I
8 | iPe-BTA” v Tl !
§ 0.6 4 Middle A L
504:_0" /\//'I
& "] 30° \;‘ 3 1l
T 02- 60° \/
_ 90°
0.0 +— - - - ' ' '
6000 4000 2000
Wavenumber / cm™!
(&3
1.0
[ e —— o Pl \‘l‘ i
084 Al
8 | iPe-BTA an il
§ 0.6 4 Bottom W L
500l = O\ [ V]e—7 Il
§ K 1 — 300 ;‘ i [
To24 6O \J'
_ 90° '
0.0 T T T ' J '
6000 4000 2000

Wavenumber / cm™!

Transmittance

Transmittance

1.0

0.8 \/ A :
4 racoPP { L !

0.6 Bottom 7 4»(’ ’ ,
T1T— 0 | [‘J \
. \ N

04 1 — 30° “’\}

024 — 60 1 |
4 Q0° ' |
00 T T T T T 1 i

6000 4000 2000
Wavenumber / cm~!
1.0
0.8 +
4 nBu-BTA
0.6 H{ Bottom
Y
1 800 |
0.2 60°
4 90°
00 T T T T T T T
6000 4000 2000

Wavenumber / cm™1

Figure S5: IR spectra using polarized incident IR radiation from 0° to 90°. The inlets
correspond to a parallel polarized yw(CH) mode at 1256 cm™! and a perpendicular polarized
Yw(CH) mode at 1218 cm'.[' (a-c) RacoPP with 0.5 wt% iPe-BTA at the top, middle and bottom
position, d) neat racoPP at the bottom position and e) racoPP with 0.5 wt% nBu-BTA at the

bottom position.
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Figure S6: Schematic illustration showing the positions on the compression-molded thin films
with a diameter of 89.5 mm chosen for SAXS measurements. Hereby ‘bottom-middle’ is closest
to the inlet.
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Figure S7: 2D SAXS patterns of compression-molded samples at 11 sample positions a)
RacoPP with various concentrations of iPe-BTA, b) neat racoPP and c¢) racoPP with 0.5 wt%

nBu-BTA.
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With ongoing miniaturization and weight reduction of portable electronic devices, effective heat dissipation
is essential to inhibit malfunctions and premature failure. The application of fillers in a polymer matrix
enhances the thermal conductivity of lightweight materials but impedes recyclability. All-polyethylene
(all-PE) materials represent a sustainable and easy-to-recycle single-material alternative, whereby high
and tunable thermal conductivity is provided by process-induced hierarchical PE nanostructures.
Essential for this type of composite-free high-performance material is the specific PE composition
containing high amounts of ultra-high molecular weight PE that form ultrastrong extended-chain
nanostructures induced by shear and elongational flow during processing. This results in self-reinforcing
fibre-like shish-kebab nanostructures with a high thermal conductivity parallel to the extended PE
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Accepted 9th October 2023 chains. Extrusion-based 3D printing enables tuning the orientation of the PE nanostructure to tailor the
orientation and magnitude of the thermal conductivity. Thus, this material class highlights the possibility

DOI: 10.1039/d3ta04483a of combining digitally programmable heat management in 3D printed materials with sustainable material
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Introduction

Over the last several decades, progress in the development of
electronic devices has been omnipresent. Not only a constantly
improved performance but also practicability is demanded
from all kinds of portable electronic devices, ranging from
mobile phones to laptops to wearable electronic devices."? The
miniaturization and weight reduction of electronics represent
increasingly decisive endeavors.** However, reducing the size of
such devices implies a great challenge, as the flow of electric
current inevitably leads to the generation of heat, increasing the
risk of overheating, malfunctions, or even premature failure.>*
To inhibit temperature-induced failures, effective heat dissipa-
tion is essential.>*** Generated heat must be directed away from
sensitive parts towards heat sinks or alternative cooling
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systems. A common approach is the use of thermal interface
materials. Thermally conductive filler materials are added to
a polymer matrix, which bridges the heat source and cooling
system. Thereby, the softness of the polymer matrix is essential,
as adhesion to the rigid solid interfaces reduces the thermal
interface resistance. Concomitantly, the low weight of polymers
represents a further advantage. Unfortunately, polymers
commonly exhibit a low thermal conductivity; thus fillers with
high thermal conductivity are necessary to enhance the mate-
rial's functionality.'®'* Applied fillers include various sizes and
shapes of metals, carbon-based structures, ceramics and
different combinations of the mentioned.*'**>** However, the
interfacial thermal resistance of filler and matrix represents an
omnipresent drawback of such materials. Scattering of the heat
carriers at the interface limits the positive effect of the
conductive filler. To target this issue, high filler loadings are
often needed to evoke heat conducting paths.®'®**** This,
however, entails increasing costs and impairs the weight
advantage of polymers. Also, the mechanical properties can
suffer from high loadings, impeding processability.>'*** Alter-
native approaches include the functionalization of filler mate-
rials to reduce the interfacial resistance and enhance the
dispersion of the filler.*'*'>*¢ High thermal conductivity in an
epoxy/poly-p-phenylene benzobisoxazole (PBO) bulk material
was achieved by using a hierarchical spiral and weaving struc-
ture in combination with thermal bridging between crystalline

J. Mater. Chem. A
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and amorphous PBO regions."” Also, networks of filler material,
into which the polymer is incorporated subsequently, can be
prefabricated to ensure continuous thermally conductive
paths.*>'*'%1 Moreover, multiple fillers have been combined to
achieve synergistic effects.'®'*** However, the related prepara-
tion methods commonly contain multiple steps and can be
rather laborious. Furthermore, multi-component composites
hamper the prospect of a circular economy due to their inherent
heterogeneity.> The recovery of matrix and filler material is
complex, expensive, and energy-consuming; thus most end-of-
life composite products are still disposed of by landfilling and
incineration.** This circumstance strongly conflicts with the
demand for sustainability, which represents an increasingly
decisive argument for the selection of materials. With limited
resources and partly energy-intensive acquirement of raw
materials, efforts towards a circular economy are essential.>* In
the beginning of the 21st century, Miilhaupt et al. developed
easy to recycle single material composites based on poly-
ethylene (PE)-based multisite catalysis.?**® The robust catalyst
design allows producing PE reactor blends with a high content
of nanophase-separated disentangled ultra-high molecular
weight PE (UHMWPE). Due to the UHMWPE nanophase sepa-
ration and the absence of massive UHMWPE entanglement,
high UHMWPE contents are tolerated in conventional injection
moulding and extrusion-based 3D printing. During melt pro-
cessing, the flow-induced crystallization of the disentangled
UHMWPE, controlled by extensional flow and shear force,
induces the formation of fibre-like extended-chain nano-
structures to create an all-PE material. These in situ-formed
fibre-like nanostructures (shish) nucleate the crystallization of
high density PE (HDPE) to yield shish-kebab structures as
reinforcing phases. Therefore, the injection moulded as well as
the 3D-printed all-PE material exhibit substantially enhanced
mechanical properties and high wear resistance. As the rein-
forcing phase and the matrix are made of the same polymer and
the reinforcing nanostructure can be repeatedly formed by melt
processing, all-PE material is designed for mechanical as well as
chemical recycling. This material designed for a circular
economy represents a great advantage in terms of
sustainability.””*®

As extensional flow and shear force are essential for the in
situ formation of the desired nanofibres, the choice of a suitable
extrusion-based processing technique is required, such as
injection moulding and extrusion-based 3D printing, e.g. fused
filament fabrication (FFF).>” FFF is a 3D printing technique
based on heating a filament above its glass transition or melting
temperature and extruding the polymer layer by layer through
a nozzle.” In contrast to injection moulding, where the flow-
induced crystallization is restricted by the mould design, FFF
provides full control over orientation and degree of reinforce-
ment by extended-chain UHMWZPE nanostructures via the
printing parameters.*” Besides the improvement of mechanical
properties, the extended-chain UHMWPE nanostructures are
expected to efficiently conduct heat along the fibre axes,
increasing the thermal conductivity in the related direction.
Such high anisotropic thermal conductivities are known from
chain-oriented polymer fibres with a stiff polymer backbone.** A
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thermal conductivity of 104 W (m K) " was reported in ultra-
drawn PE nanofibers and high chain alignment combined
with low chain entanglement enabled a conductivity of 62 W (m
K) ' in PE films.?**? An anisotropic thermal conductivity can be
expected in the all-PE material introduced here, offering great
potential for directing heat without the need for multi-material
composites. Efficient thermal management may, thus, be
combined with a material designed for circular economy. This
pending issue is addressed in our work by presenting the
material's structure on various length scales, prior and post-
processing via FFF and in comparison to benchmark HDPE.
We demonstrate that structural anisotropy allows for tailoring
the thermal conductivity of 3D-printed all-PE materials, being
controlled by the print parameters. Finally, we use the findings
to provide an example of digitally defined control of tempera-
ture distributions in 3D-printed all-PE specimens.

Results and discussion
Structural analysis on various length scales

The microstructure of the all-PE material formed in situ during
melt processing induced by shear and elongational flow
comprises several length-scales starting from the molecular
orientation of the PE macromolecules, which was characterized
by infrared (IR) spectroscopy. A single layer of all-PE material
and a single layer of benchmark HDPE were printed unidirec-
tionally using basic print parameters (200 °C, 25 mm s~ ). Each
sample was measured using infrared light polarized by 0° and
90° relative to the print direction at identical positions. Polari-
zation of the IR active modes is dependent on the symmetry of
vibrational modes. Whereas most vibrational mode symmetries
of PE are not polarized, two irreducible representations (B,, and
B,,) show polarization perpendicular to the PE chain axis.*
Hence, they are excited by light polarized in the according
direction. In addition, PE exhibits vibrational modes with
a symmetry leading to an increased absorption of parallel
polarized light (Bs,).** The obtained spectra for printed all-PE
material are shown in Fig. 1b. A more detailed assignment of
all acquired absorption bands and the polarization of corre-
sponding modes are provided in the ESI (Table S17).**** For
most parts of the spectra light polarized with 0° relative to the
print direction is absorbed slightly stronger than light polarized
by 90°. However, the spectrum for light polarized with 90°
shows increased absorption for perpendicularly polarized
modes, for instance at 719 cm™". Accordingly, light polarized
with 0° relative to the print direction gives rise to the absorption
of parallelly polarized modes for example at 1051 cm™ . This
verifies that PE chains in the 3D-printed all-PE material are
predominantly oriented along the print direction. The spectra
pertaining to the benchmark HDPE specimen (Fig. 1c) show no
noteworthy difference between the two measurements. Bands
corresponding to both, perpendicularly and parallelly polarized
modes, are equivalent for both light polarizations. Conse-
quently, the presence of UHMWPE in all-PE material represents
a prerequisite for the molecular orientation of PE chains.
Without UHMWPE the HDPE chains do not align preferably in
print direction, but randomly.

This journal is © The Royal Society of Chemistry 2023
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Fig.1 (a) Polyethylene chain fundamental frequencies. IR spectra using light polarized by 0° and 90° relative to the 3D print direction of (b) all-PE

material with the assignment at 2019 cm~* and (c) benchmark HDPE. (d) Angle-dependent transmittance of all PE-material at 2019 cm™, the
results are fitted with an adjusted form of Malus' law.

To supplement the IR results for light polarized by 0° and 90°
relative to the print direction, additional spectra at intermediate
angles were obtained in 10° steps from —10° to 100° (Fig. 1d -
measured data). The parallel polarized mode of 2019 cm ™" was

chosen as representative of the polarized IR modes of all-PE

This journal is © The Royal Society of Chemistry 2023

material in general.*® The measured transmission values are
displayed by the radial distance in a polar coordinate system
and extrapolated to the remaining angles from 90° to 360°
(Fig. 1d - extrapolated data). The resulting peanut shape is
typical for the display of Malus' law, which is commonly used to
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describe the transmission of polarized light by analysers in
relation to the angle between the plane of transmission and the
polarization angle. The correlation is slightly modified, as the
transmission of the polarized IR frequencies ranges between
a minimum and maximum transmission (Formula (S1) and
(S2)1). The adjusted Malus law results in a good fit for the ob-
tained angle-dependent transmission values (Fig. 1d - dashed
line). It has been shown that print direction and PE chain
orientation are parallel to each other; thus, the adjusted Malus'
law can link the angle dependent transmission of the polarized
light to the PE chain orientation.

The findings on chain orientation on the molecular scale are
complemented by information on the angstrém and nanometer
length scale via two-dimensional wide-angle X-ray scattering
(2D WAXS) and 2D small-angle X-ray scattering (2D SAXS). The
all-PE filament and 3D-printed samples based on the identical
filament were both analysed to determine the influence of the
FFF process on the UHMWPE nanostructure formation.
Benchmark HDPE filament and a corresponding printed
sample functioned as references. In all cases, the positions of
the Bragg reflexes in the 1D WAXS spectra indicate mainly
orthorhombic crystals of the space group Pnma (Fig. S1T). No
significant dependency of the lattice parameters on the pro-
cessing method or the applied print speed (25-100 mm s~ ') or
temperature (200-230 °C) was observed (Fig. S3at). Whereas the
2D WAXS patterns showed a mainly isotropic short-range order
for the benchmark HDPE samples, slight anisotropy was
apparent for the all-PE filament and strong anisotropy for the
corresponding printed samples (Fig. 2a). These readily visible

a)
AlI-PE material
F Yy
w '
10°
s ! 10"
§
i ! 10*
Intensity / a.u.
b)

AlI-PE material

FFF

Filament

Intensity / a.u. Intensity / a.u.

View Article Online

Paper

qualitative results, were supplemented by calculation of the
Hermans orientation factors.*>*® For the printed benchmark
HDPE sample and the HDPE filament, Hermans factors of 0.05
and 0.06 were obtained, respectively, indicating that the PE
chain orientation is almost fully isotropic. The all-PE filament
resulted in a higher Hermans factor of 0.16 and the highest
anisotropy was obtained for the printed all-PE material with
a Hermans factor of 0.37. A more detailed elaboration of the
orientation parameters is provided in the ESLt The results
indicate that UHMWPE represents a necessity for a preferred
spatial orientation of the PE unit cells in the printed material,
which is in good agreement with the conclusions drawn from IR
spectroscopy. The 2D WAXS patterns also revealed that pro-
cessing the filament by FFF strongly increased the spatial
orientation of the PE unit cells in the all-PE material; hence, the
orientation of the PE chains was intensified by the printing
process. The applied print parameters, on the contrary, ie.,
print speed (25, 50, 100 mm s~ ') and print temperature (200~
230 °C), did not significantly influence the anisotropy of the
obtained WAXS patterns and their calculated orientation factors
within this narrow processing range (Fig. S3b and Table S4+).
SAXS provides information on the crystal morphologies on
the nanometer length scale. During HDPE crystallization, the
chains organize to form lamellar structures matching this size
range.”” The 2D SAXS data, shown in Fig. 2b, are isotropic for
the HDPE filament but slightly elliptical for HDPE processed by
FFF, elliptical for the filament of all-PE material, and strongly
anisotropic for the 3D-printed all-PE material, reflecting the
different spatial arrangements of the lamellar structures. A

HDPE
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10°

10"

10°
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Print direction

>

Print direction

Fig.2 Comparison of all-PE filament and benchmark HDPE filament and therewith printed samples obtained by fused filament fabrication (FFF).
(a) Azimuthal representation of 2D wide angle X-ray scattering (azimuth vs. momentum transfer g). (b) 2D small angle X-ray scattering (detector
position g, vs. detector position g,). (c) Schematic illustration of a shish-kebab structure surrounded by amorphous PE. (d) Scanning electron
microscopy image of an all-PE sample prepared by FFF and etched with hot xylene.
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comparison of the two non-printed filament samples showed
that the lamellar structures in benchmark HDPE oriented
randomly, whereas the presence of UHMWPE enhances the
organization of these lamellar structures along the 3D-printing
direction. Furthermore, the results revealed a very weak but
observable orientation of the lamellar structures in 3D printed
benchmark HDPE, even though an orientation of the PE chains
in the corresponding sample could not be measured by IR
spectroscopy or WAXS. A significant anisotropy, on the other
hand, is observable for the pattern of unidirectionally printed
all-PE specimens. The flow-induced coil-stretch transition of
UHMWPE chains was provoked by the shear and elongational
forces during the printing process. As a result, chain-extended
fibre-like shish crystals evolved, which correlate to the distinc-
tive vertical streak in the 2D SAXS pattern. The extended-chain
shish guide the crystallization of HDPE, leading to strongly
oriented lamellar structures around the shish nanofibres. These
lamellar kebab structures are abundant in the SAXS pattern as
equatorial reflections. Their thickness was estimated to 13 nm
from the intensity minimum at around 0.48 nm '. The
diffraction maximum at 0.26 nm ™" indicated an inter-lamellar
distance of approximately 24 nm. Although these features
slightly vary with changes in print speed and temperature, no
explicit trend for the print parameter variation was identified
(Fig. S4 and Table S5t) for the given set of print speed and
temperatures (25-100 mm s~ '; 200-230 °C). In conclusion, 2D
SAXS indicated that either the presence of UHMWPE in the
extruded material or processing by FFF is sufficient to obtain at
least a weak orientation of the lamellar structures. The forma-
tion of shish-kebab crystals, on the other hand, requires both:
presence of UHMWPE and high shear and elongation forces
exerted by FFF.

The appearance of these shish-kebab structures was further
validated by scanning electron microscopy (SEM) (Fig. 2d). The
etching of a printed all-PE material with hot xylene removes the
amorphous PE, surrounding the shish-kebab crystals. This
reveals the crystals, making their structure visible in the SEM
images. The elongated fibre-like UHMWPE shish crystals are
encircled by the lamellar HDPE kebab formations. Further-
more, the SEM images clearly display the predominant align-
ment of the shish-kebab structures in the print direction.

Effect of print parameters on the thermal diffusivity

The extended-chain UHWMPE nanostructures function as
reinforcing phases and significantly improve the mechanical
properties of HDPE.>”*® This improvement was found to be
dependent on the printing conditions.”” Clear differences were
discovered between specimens printed parallel and perpendic-
ular to the tensile and impact test direction. Furthermore, the
reduction of print temperature and increase of print speed were
found to enhance the structural and mechanical properties
significantly thus allowing for digitally tuning the material
properties via the 3D-printing parameters.?” The in-plane elastic
modulus, shear modulus, and Poisson's ratio are known to
correlate directly with the velocity of sound waves or acoustic
phonons.*®*" Hence, a correlation between the mechanical

This journal is © The Royal Society of Chemistry 2023
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properties and thermal conductivity can be conjectured. Lock-
in thermography was applied to determine the in-plane
thermal diffusivity perpendicular and parallel to the print
direction of a selection of unidirectionally printed specimens.
The method is based on periodic heating of the printed spec-
imen via a focused laser, whereby the temperature distribution
is monitored by an IR-camera. The thermal diffusivity was then
calculated via the so-called slope method from the linearized
relation of the amplitude and phase data to the distance from
the centre of the laser beam.*'"** Measurements corresponding
to the printed all-PE specimens resulted in ellipsoidal phase
and amplitude signals, whereas a circular signal was obtained
for the benchmark HDPE sample (Fig. 3a). The isotropic
patterns obtained from the benchmark HDPE specimen proved
that adjacent deposition of strands alone does not lead to
anisotropic thermal characteristics. In line with the results on
structural anisotropy, thermal anisotropy requires the presence
of UHMWPE inducing the formation of extended-chain nano-
structures. Moreover, the faint preferred orientation of lamellar
structures in 3D-printed HDPE, observed in the 2D SAXS
pattern, did not induce thermal anisotropy.

Fig. 3b provides the obtained thermal diffusivity values of
specimens prepared using a variety of print speeds and print
temperatures. Diffusivities parallel and perpendicular to the
printing direction were compared, as well as their ratio, termed
thermal anisotropy. It was notable that the diffusivity of printed
benchmark HDPE (0.3 mm s~ ') is similar to the diffusivities
obtained for the all-PE material perpendicular to the print
direction (0.2 mm? s~ '), whereas the thermal diffusivity of all-
PE material parallel to the print direction is significantly
higher (0.7-1.1 mm? s*). Hence, not only did the shish-kebab
formation lead to thermal anisotropy, it also strongly
increased the thermal diffusivity in the print direction.
Comparable to fibres functioning as filler material in multi-
material composites, the shish structures may be regarded as
conducting paths that transfer heat efficiently. This reasons for
the diffusivity enhancement in the print direction, while the
diffusivity in the perpendicular direction is not significantly
affected. In contrast to alien fillers, there are two major
advantages of the all-PE material. Firstly, we expect a strong
interfacial linking between the crystalline nanophase and the
amorphous parts of the polymer film, owing to the identical
materials’ chemistry. Secondly, macroscopic pathways along
the crystalline backbone are not controlled by the volume
fraction and hence by a percolation threshold but rather by the
3D-printing process itself, which defines the orientation and
crystallization of the shish structures. The direction in which
heat is primarily conducted can, therefore, be digitally defined
by adjusting the print direction. The influence of the 3D
printing parameters on the thermal diffusivity in print direc-
tion, and therewith on the thermal anisotropy, is also displayed
in Fig. 3b. The dependence on the print parameters may be
caused by four distinct effects: (1) orientation, (2) morphology
of the shish-kebab structures formed during the 3D printing
process, (3) degree of crystallization and (4) macroscopic length
of the shish-kebab structures. As described above, extensive
SAXS and WAXS analysis did not reveal any significant
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Fig. 3 Lock-in thermography for determination of the thermal diffusivity of HDPE and all-PE material processed by FFF. (a) Amplitude and phase
signal obtained for an all-PE and a benchmark HDPE sample prepared with a print temperature of 210 °C and a print speed of 100 mm s The
difference in shape shows that anisotropy of printed all-PE samples is not based on the printing process itself, but UHMWPE in the material is
influential. (b) Thermal diffusivity and thermal anisotropy of all-PE samples and a benchmark HDPE sample, prepared with differing print speeds
and print temperatures. Anisotropy is enhanced by reduced print temperatures and increased print speeds.

dependence of the shish-kebab orientation or morphology on
the print speed or temperature (Fig. S3 and S47). Analysis of the
first heating cycle of the single-layered samples via differential
scanning calorimetry (DSC) resulted in crystallinities between
63% and 68% (Fig. S5T). However, the DSC measurements did
not display the shish-kebab content, and no trend considering
the total degree of crystallization with respect to the print
parameters can be identified. The last mentioned hypothesis,
the macroscopic length of the shish-kebab crystals, goes hand
in hand with the length of the individual fibre-like shish
structures. As shear and extensional flow rate correlate with the
print speed, high print speeds promote coil-stretch transitions
of disentangled UHMWPE and the formation of extended-chain
shish nanostructures. Increasing the temperature favours the
opposite effect, promoting stretch-coil relaxation. Potentially,
these effects cause longer shish structures and, therefore,
enhanced continuity of the heat conducting paths. However,
evaluation on the length scale of the individual shish structures
represents a challenging task, and confirmation of this
hypothesis remains open to future investigations. Nevertheless,
it is evident that increased 3D printing speed and reduced 3D
printing temperature both give rise to higher thermal diffusivity
in the print direction. Even though the material processability
limits the parameter settings for the given setup to a tempera-
ture of 210 °C and a speed of 100 mm s, we achieved a high
thermal conductivity, calculated from the materials density,
heat capacity, and diffusivity, of up to 1.30 W (m K)~* in print
direction. This is 2.8 times higher than the thermal conductivity
of 0.46 W (m K) ', obtained for benchmark HDPE, which
matches literature values for the thermal conductivity of HDPE
well.**~** We are confident that even higher thermal conductiv-
ities in print direction of all-PE material are accessible by
optimizing the printing conditions and the 3D printer to over-
come the current processing limitation. Remarkably high
metal-like thermal conductivities for PE have already been
achieved in ultra-drawn nanofibers,**> which represents an
upper limit of what is possible with PE as a material. Moreover,
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the thermal conductivity in our all-PE material is 5 times higher
in the print direction than perpendicular to it (0.26 Wm ™" K™ ');
thus, a high thermal anisotropy of up to 5 is achieved in our case
using a conventional FFF 3D printer. In a broader context, our
observed thermal conductivities can also be achieved by other
material classes, e.g. ceramics,*”** metallic foams,**** or other
composite materials. Depending on the desired field of appli-
cation and processing methods at hand, such other material
classes can also be tuned for optimum performance with
respect to their anisotropy, usable temperature range, or envi-
ronmental resilience. A major advantage of the all-PE materials
discussed here is their comparatively high thermal conductivity,
while being soft and electrically insulating at the same time. In
addition, the absence of a second compound eases the proc-
essability, while preserving the anisotropy of heat transport.
FFF is, therefore, suitable to fabricate specimens with complex
and computer aided distributions of anisotropic heat transport.

Digitally controlled temperature distribution

The orientation of the shish-kebab structures can be digitally
tuned by the print direction. Also, the thermal diffusivity
correlates with the shish-kebab orientation. Consequently, the
digital control over the print direction can be used to define the
temperature distribution in a 3D-printed all-PE specimen. A
simulation based on Comsol Multiphysics was used to verify
this concept in a first approach. For this purpose, a cuboid-
shaped specimen (24 mm X 13 mm X 0.2 mm) was con-
structed using the computer aided design (CAD) software
FreeCAD. The applied thickness of 0.2 mm corresponds to the
height of a single printed layer. For a realistic simulation, the
density and heat capacity of printed all-PE material was used to
calculate the thermal conductivity. A density of 0.913 g cm ™ +
0.004 ¢ cm® was measured by helium pycnometry and a heat
capacity of 1.28 + 0.03 J (g K) " was obtained by differential
scanning calorimetry (DSC). Using the thermal diffusivity value
known from lock-in thermography, the thermal conductivity of
the all-PE material printed with a print temperature of 200 °C
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and a print speed of 25 mm s~ was calculated in the print
direction (1.14 W m™' K') and perpendicular to the print
direction (0.25 W m~' K™ ') (Formula (S8)1). In Comsol Multi-
physics the calculated thermal conductivity values parallel and
perpendicular to the print direction were assigned to different
segments of the constructed sample as visualized in Fig. 4a.
According to the figure, a heat source at 75 °C is located on the
top and below the specimen. The finite element method (FEM)
provided the steady state temperature distribution for such
a specimen. The shape of the isotherms clearly indicated that
heat originating from the heat source is transferred preferably
in the direction resembling the print direction. Therefore, the
decrease in temperature is significantly enhanced in the
perpendicular direction. As a result, different temperatures are
obtained at equivalent distances to the heat source depending
on the theoretical 3D printing directions.

To validate the findings of the simulation, the designed
sample was 3D-printed by FFF from the all-PE filament with
printing parameters (200 °C, 25 mm s ') according to the
simulation (Fig. 4b). The heating of the sample was tracked
using an IR camera, and the obtained temperature evolution is
shown in Fig. 4c. After 600 s of heating, the printed sample was
in a steady state. Although the absolute temperature distribu-
tion was not identical to the simulated steady state, the
isotherm shapes are similar, especially in proximity to the heat
source. As the thermal energy is transported preferably in the
print direction, an anisotropic temperature distribution is
clearly observable. This effect is even more pronounced during
the heating process. The temperature differences between the
right and left-hand side of the heat source were induced by
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digitally defining the print directions, thus controlling the
orientation of the shish-kebab crystals.

Having verified the possibility to control the temperature
distributions in a single-layered specimen, the concept is
further advanced to a higher, multi-layered sample. It consisted
of two parts, exhibiting print directions vertically to one
another: a cuboidal part and a part surrounding the cuboid
(Fig. 5a). The sample is printed from all-PE filament using the
same 3D printing parameters as for the single-layered sample
(200 °C, 25 mm s~ ). It must be noted that warping and asso-
ciated splitting at layer boundaries represented a challenge
during the 3D printing process, which should be addressed in
the future by further engineering of 3D printing parameters and
the 3D printer itself. Nonetheless, for the purpose of demon-
strating controlled heat flow, the obtained specimen was suffi-
ciently well 3D printed (Fig. S71). The specimen's shape was
selected for two reasons. On the one hand, the inclination helps
to evade print failure based on warping, and on the other hand,
asymmetry ensures that the design can be excluded as a reason
for potential temperature differences. The specimen was placed
on a hot plate at 75 °C so the 3D printing direction of the
cuboidal part is vertical to a heat source. The temperature
evolution on the specimen's surface was monitored via IR
camera (Fig. 5b). It was clearly observable that the surface of the
cuboidal part warms up much faster than its surrounding with
a 3D printing direction parallel to the heat source. Furthermore,
the surface corresponding to the vertical part was significantly
warmer in the equilibrium state (after 500 s). Both observations
were valid for the entire sample surface, thus for the inner area
as well as for the sample boundaries that are more strongly
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Fig. 4 Surface temperature distributions of a single-layered sample, printed by FFF using two different print directions and heated by a point-like
heat source at 75 °C. (a) Designed sample for the simulation of the temperature distribution. The thermal conductivities of the sample are defined
according to the thermal conductivity of a sample printed by FFF in the print direction (k) and perpendicular to the print direction (k). The
steady-state result of the simulation is provided. (b) Visualization of the 3D printed sample with two different print directions and the position of
a copper heat source at 75 °C. (c) Evolution of the surface temperature distribution monitored via an IR camera.
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Fig.5 Surface temperature distributions of a multi-layered sample, printed by FFF using two different print directions and placed on a hot plate at
75 °C. (a) Visualization of the all-PE sample (top and side view). Print directions are indicated by arrows. (b) Evolution of the surface temperature

distribution monitored via IR camera.

affected by convective cooling. The results demonstrated that
the anisotropic thermal diffusivity of all-PE material can be
used to tailor the temperature distributions also in multi-
layered parts by digitally tuning the 3D printing directions.
Consequently, the all-PE material comprises a substantial
potential for effective heat dissipation by a single-component
material.

Conclusions

Thermal anisotropy of 3D-printed all-PE material containing
high amounts of disentangled UHMWPE was investigated and
evaluated in the context of heat management applications. A
combination of polarized IR spectroscopy, WAXS, SAXS, and
SEM showed that processing of all-PE material by FFF leads to
the alignment of extended-chain UHMWPE forming shish-
kebab structures with preferred orientation in the 3D printing
direction. 3D-printed benchmark HDPE, lacking the UHMWPE,
and filament of the benchmark HDPE and all-PE material were
used as reference materials. A comparison of the references to
3D-printed all-PE samples revealed that shish-kebab evolution
requires both: high shear and elongation forces exerted by FFF
and elongated UHMWPE, to form nanofibre-like shish crystals,
nucleating the kebab crystallization. The structural anisotropy
of the printed all-PE material is linked to its significant thermal
anisotropy. Whereas 3D-printed benchmark HDPE exhibited an
isotropic thermal diffusivity, the thermal diffusivity of the
printed all-PE material was significantly enhanced parallel to
the 3D printing direction. As the increased thermal diffusivity
was only observable in all-PE material along the 3D printing
direction, it is evident that the shish-kebab formation induced
by extended-chain UHMWPE is responsible for the effect. It is
plausible that the fibre-like shish crystals function as contin-
uous heat conducting paths, leading to enhanced thermal
diffusivity along the fibre axes. The result was further proven by
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the correlation of the thermal diffusivities of 3D-printed all-PE
samples and the applied 3D printing parameters. Increased
print speed and reduced print temperature improved the
thermal diffusivity along the 3D printing direction. A thermal
anisotropy of up to 5 was achieved with a conventional home
use FFF printer and we are confident that even higher anisot-
ropies are accessible in combination with an optimized 3D
printer setup. Anisotropic thermal conductivity combined with
a freely definable 3D printing direction provided control over
the temperature distribution in 3D printed all-PE specimens.
This was validated by a FEM simulation, single-layered, and
multi-layered all-PE specimens produced by FFF. In all cases, an
asymmetric temperature distribution was achieved digitally
predefined by the 3D printing parameters. With further opti-
mization of the FFF printing process, great freedom in design is
in prospect, considering both the specimen morphology itself
and the orientation distribution of anisotropic heat conducting
sections. In conclusion, the results obtained in the scope of this
work revealed the potential of 3D-printed all-PE material as
a low-weight, low cost, and highly sustainable recyclable mate-
rial for digitally tuning heat flow and an efficient heat
dissipation.

Experimental
Materials

For the preparation of all-PE material a nanophase separated
reactor blend consisting of disentangled UHMWPE (My, > 10° g
mol ', 14 wt%) and HDPE wax (My < 5 x 10> g mol ™", 4 wt%)
was melt compounded with benchmark HDPE at a ratio of 7 to 3
by the Freiburg Materials Research Center FMF according to the
procedure previously reported by T. Hees et al.?® HDPE Hostalen
GC7260 (10°-10° g mol '), used as the benchmark material and
as matrix component in all-PE material, was provided by
LyondellBasell. The filaments of benchmark HDPE and all-PE
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material with diameters of 2.74 mm and 2.68 mm, respectively,
were kindly supplied by the Freiburg Materials Research Center
FMEF. They were obtained by extruding powder of all-PE material
or the pure HDPE benchmark using the single-screw extruder
RCP-MT250 by Randcastle equipped with a 2.30 mm nozzle at
an extrusion temperature of 200 °C and a screw speed of
100 rpm. The extruded polymer strands were water-cooled,
pulled off with a takeoff speed of 7 mm s~ ' and collected on
a spool.

Fused filament fabrication (FFF)

CAD models were designed using the software FreeCAD 0.19.
They were imported as stl data files into the software Ultimaker
Cura 4.11. This software was applied to define the print
parameters and subsequently generate gcode files of the prints.
The print temperature and print speed was varied, whereas the
print bed temperature was constantly set to 60 °C. A line width
of 0.7 mm, layer height of 0.2 mm and a distance between the
lines of 0.5 mm was applied. Samples were printed by FFF using
an Ultimaker 3 FFF printer and the print core AA with a nozzle
diameter of 0.8 mm, both by Ultimaker BV. The samples
prepared for IR spectroscopy, SAXS, WAXS and lock-in ther-
mography measurements were printed as a single layer with
a height of 0.2 mm. For the IR measurements the corresponding
print parameters were 210 °C and 100 mm s~ '. For WAXS, SAXS
and lock-in thermography measurements, the print parameters
were varied between 200 °C and 230 °C and between 25 mm s~ *
and 100 mm s~ . The sample used for SEM was printed multi-
layered with a print temperature of 200 °C and a print speed
of 25 mm s~ '. For the analysis of temperature evolution and
distribution on the surface of printed specimens by IR camera
one single- and one multi-layered sample was prepared, both
printed with a temperature of 200 °C and print speed of 25 mm
s~'. The cuboid shaped single-layered specimen consisted of
two parts with print directions perpendicular to one another, as
shown in Fig. 4b. The multi-layered sample was printed
according to Fig. 5a. The inclinations were included as they
diminish the risk of the nozzle hitting the specimen and
inducing print failure, due to warpage.

Characterization by IR, X-ray scattering, SEM, DSC and
helium pycnometer

Polarized broadband IR spectroscopy was applied using Vertex
70 by Bruker Corporation in combination with a polarizer.
Preliminary SAXS and WAXS experiments were performed on
single-layer samples printed via FFF on a lab-based Double
Ganesha AIR system by SAXSLAB/Xenocs. This system is
equipped with a copper rotating anode MicroMax 007HF by
Rigaku Corporation with a wavelength of A = 1.54 A and
position-sensitive Pilatus detectors from Dectris Ltd (300 K for
SAXS, 100 K for WAXS). Additionally, we are grateful for
measurements performed at the beamline IDO2 at ESRF in
Grenoble, France. The corresponding beam energy was set to
12.2 keV and simultaneous SAXS/WAXS measurements were
performed using an Eiger2-4M for SAXS and a Rayonix LX170
for WAXS, spanning together a g range from 0.07 nm™ " to 46.53
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nm~'. Data reduction and azimuthal integration were per-
formed with a software provided by ID02, including the software
packages SAXSutilities2 and PyFAL>*** If needed, the 2D scat-
tering patterns were converted to 1D profiles of I(q) vs. ¢, where
q is given as g = 47/A sin(6/2) with 6 being the scattering angle.

Additionally, powder X-ray (XRD) experiments were carried
out with a Bragg-Brentano geometry Empyrean diffractometer
equipped with a pixel detector in spinning mode using copper
K, (A = 0.15406 nm) radiation by Malvern Panalytical BV. The
instrument provides the Pananlytical's Highscore Plus software
for data analysis.

To obtain SEM images the multi-layered all-PE material was
split into smaller pieces after cooling with liquid nitrogen. The
pieces were etched by xylene at 100 °C to 130 °C and dried by
compressed air multiple times. After sputtering 2 nm platinum
on the pieces, images were obtained with a Zeiss Leo 1530 by
Carl Zeiss AG at an operating voltage of 3 kV and a secondary
electron detector.

DSC measurements were applied using a Discovery DSC 2500
by TA Instruments Inc. The heat capacity of all-PE material was
determined according to the American Society for Testing and
Materials (ASTM) E1269 standard. The sample was heated from
—10 °C to 160 °C with a heating rate of 20 °C min~". It was kept
at 160 °C for 10 min and then cooled to —10 °C with a rate of
10 °C min~*, where it was held for 10 min. The heat flux was
recorded while heating to 160 °C with a rate of 20 °C min~' in
a second heating cycle and the recorded heat flux was used to
calculate the heat capacity. The measurement was repeated for
3 samples and the mean heat capacity at 25 °C with the corre-
sponding standard deviation was acquired (1.28 J (g K) " & 0.03
J (g K)"). The heat flows of the first heating cycle of printed
single layer samples were acquired using a heating rate of 10 °©
C min . The degrees of crystallization were calculated using
the software TRIOS 5.1.1 by TA Instruments and the heat of
fusion for 100% crystalline HDPE of 293 J g .

The densities of printed single-layered all-PE samples were
obtained from a Ultrapyc 1200e helium pycnometer by Quan-
tachrome Instruments. To determine the average density and
corresponding standard deviation 25 individual measurement
results were used.

Lock-in thermography

The single-layered samples were coated with a thin layer of
carbon (10-20 nm) on both sides before performing lock-in
thermography. Lock-in thermography is used to measure the
temperature evolution of a theoretically infinitely thin sample.
The samples were excited periodically with a frequency of 0.8 Hz
using a continuous wave Coherent Genesis MX532-1000 laser
with powers between 8 mW and 11 mW. The temperature
evolution was monitored with an ImageIR 9430 research IR
camera by InfraTec GmbH, exhibiting a spectral window from
1.5 pm to 5.5 pm and mounted with an M = 1.0x microscopy
objective. Convective heat losses were minimized by performing
the experiment in a vacuum chamber (p < 102 mbar) contain-
ing an optically transparent N-BK7 glass window for the laser to
pass through. The time-temperature data were converted by
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Fourier transformation to an amplitude and phase signal using
the IRBIS software provided by the manufacturer.***** For
samples with an anisotropic amplitude and phase signal an
ellipse was fitted to the respective signals. The slope method for
thin films was applied to the long and the short axis of the fitted
ellipse to obtain the maximum and minimum thermal diffu-
sivity of the sample. For the isotropic sample the slope method
was applied to all data points within the same concentric
distance from the laser heating spot to obtain the thermal
diffusivity.

Simulation of the steady state heat distribution

A specimen (24 mm X 13 mm X 0.2 mm) composed of two
parts was designed in the general-purpose CAD software Free-
CAD (Version 0.19). Also, two right-angled triangles (hypote-
nuse: 4 mm) contacting the specimens from the top and the
bottom were designed. All 4 parts were imported into the soft-
ware Comsol Multiphysics (Version 6.0) as step data files,
organized as in Fig. 4a. The material properties of copper were
provided by the software and were assigned to the triangles,
whereas the thermal properties (heat capacity, density and
thermal conductivity) of an all-PE sample printed with 200 °C
and 25 mm s ' were assigned to the remaining two parts.
Thereby the thermal conductivity in print direction was
assigned to the thermal conductivity in the direction of the x-
axis. The thermal conductivity known for the perpendicular
direction was assigned to the direction of the y-axis. Although
the conductivity in the build direction has not been measured,
heat transport in this direction is also perpendicular to the
shish-kebab orientation. Hence, the value set for the thermal
conductivity in the y-axis direction was adopted for the thermal
conductivity in the z-axis direction. To resemble two sections
with perpendicular print directions the thermal properties of
one of the two all-PE material parts were turned by 90° by
applying turning matrices.*” A room temperature of 25 °C and
a heat transfer coefficient of 5 W (m”> K) ™" was assumed. Radi-
ative heat losses were neglected. The temperature of the trian-
gles resembling copper were set to 75 °C and the steady state of
the set-up was simulated by FEM.

Monitoring of the temperature evolution

For analyzing the temperature distribution with time of
a heated single-layered 3D printed all-PE material sample,
a cuboid of copper was placed on silver heating block controlled
by a mK2000 Precision Temperature Controller by InStec Inc.
The sample was coated with a thin layer of graphite and placed
on the corner of the copper cuboid. It was weighted with
another copper piece according to Fig. 4b. On the areas of
contact between copper piece and heat plate, as well as sample
and copper piece, Thermal Joint Compound Type 120 by
Wakefield Solutions, Inc. was applied to ensure good thermal
contact. A VarioCAM HD research IR camera by InfraTec GmbH
with a spectral window of 7.5 pm to 14 pm was positioned above
the set up. The heat plate was set to 75 °C and recording of the
temperature evolution on the sample surface was begun
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simultaneously. Images were taken with a frequency of 1 s™*
until a steady state was reached.

For the analysis of the time-dependent temperature distri-
bution of the surface of a multi-layered 3D printed all-PE
sample, two sides of the sample were ground to ensure
a homogeneous surface contact with the heat plate and to
diminish any roughness influence on the IR images. The IR
camera facing side was coated with graphite and placed on
a silver heating block controlled by a mK2000 Precision
Temperature Controller by InStec Inc. The thermal contact was
increased via Thermal Joint Compound Type 120 by Wakefield
Solutions, Inc. A VarioCAM HD research IR camera by InfraTec
GmbH was positioned above the setup. The heat plate was set to
75 °C, and the temperature evolution on the sample surface was
recorded simultaneously. Images were taken with a frequency of
0.5 s~ until a steady state was reached.
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Infrared Spectroscopy

Table S1: Broad band infrared spectrum and assignments for 3D printed all-PE material.

Wave number / cm™ Polarization Assignment

719 c 1(CH2) "2

730 c 1(CH2) "2

908 o 8(R-CH=CH,) ?

966 o v(CHs), trans RCH=CHR" 2
991 c RCH=CH;?

1051 n 11(CHz) 2

1082 c v(C-C)?

1177 n Yw(CHa) ?

1188 c

1304 n yw(CH2), v(CH2), amorphous '
1352 n yw(CH2), amorphous "2
1367 n Yw(CHa2)'™

1464 c 3(CHyp)"?

1472 c S(CHp) 2

V(C=C) + v(CHz)

1819 T
2 - §( R-CH=CH,)) 2
2 - 1(CH2)
1898 c
2 - RCH=CH; (?) 2
2019 T 1(CH2) + v¢(CH>) 2
2243 n 7w(CHz) + v(0) 2
Yw(CH2) + v(CHs)
2328 G
2 1(CHy) 2
2345 G 2 - w(CHy) 2
2635 c 7:(CHz) + 8(CHy>) 2
2660 G Yw(CH2) + 7(CH>) 2
2 - yw(CH2)
2741 c

8( CHz) + 1(CH2) 2



~ 2837 - 2862 G vs(CHa)" 2

~ 2882 — 2941 c va(CH2) "2

3604 c va(CH2) + 1:(CH2) 2
3 - n(CHz)

3643 n

8(CHz) + v() + v(0) 2
Va(B1u) + vi(Ag)

~ 4095 - 4195 G

va(CHz2) + (CHz) ?
4220 T Vas(CH2) + yw(CH2) *
4251 c vs(CHz) + 3(CHg) *
4322 c vas(CH2) + 8(CHy) 4
5664 c 2 vs(CHz) *
5775 c 2 - va(CHp) *

IR spectroscopy of unidirectionally printed all-PE material is applied for polarization angles between 10°
and 100°. The values can be extrapolated to angles between 90° and 360°. A peanut shape, typical for the
display of Malus’ Law, can be fitted.> However, the original form of Malus’ Law (Formula S1) cannot be
fully adopted, as the transmission of the polarized IR frequencies (v) does not range between 0 and the
initial intensity (To), but between a minimum (Tyi») and maximum transmission (Tmax), thus Malus’ Law is

adjusted according to Formula S2.1 and S2.2.

Malus’ Law T() = To(v) cos?(o) Formula S1
Parallel polarized

T(W) = [Trnax (V) — Tnin(V)] cos?(o +90°) + Ty,  Formula S2.1
frequencies:
Perpendicular polarized

T(V) = [Tnax (V) = Tin (V)] €05%(0) + Tin Formula $2.2
frequencies:

The adjusted Malus’ Laws show that the change in transmission is proportional to the squared cosine of

the angle o, whereby o is the deviation between print direction and light polarization.
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Wide Angle X-Ray Scattering and X-Ray Diffraction

a b
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Figure S1: Spectra of the benchmark HDPE filament, all-PE filament and therewith 3D printed samples. The lattice planes (110),
(200), (020) and (011) of orthorhombic PE are labeled.6 a) WAXS measurements performed in transmission geometry b) XRD
measurements performed in Bragg-Brentano geometry and spinning mode.

In agreement with the literature, WAXS and XRD spectra reveal mainly orthorhombic PE crystal cells of
the space group Pnam.® Furthermore, the measured data exhibit a weak signal for both filaments at
around 14 nm™* (asteriscs in Fig. S1 a), which diminishes by processing the materials by FFF. The signal can
be based on amorphous PE and small amounts of the (010) plane of monoclinic crystallized PE. Both
amorphous and monoclinic PE could be converted into the orthorhombic PE phase due to the melting and

recrystallization process of FFF.



To describe the orientation of the PE chains more quantitatively the Hermans factor fy is calculated using
the azimuthal angle () dependent diffraction intensities (/({)) corresponding to the hkl planes (200) and

(020).”-8 The azimuthal plots are exemplary shown for printed all-PE material in Figure S2.
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(200)
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log(Intensity(y))

Azimuth g

Intensity / a.u.
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Figure S2: Wide angle X-ray scattering data of all PE material printed with 100 mm s'1 and 210 °C a) 2D Azimutal representation
with indication of the hkl planes (200) and (020). b) Scattering intensity /() vs. azimuth angle ¢ for the hkl planes (200) and (020).

In a first step cos?(¢) is calculated according to Formula S3 and S4. Hereby ¢ are the angles formed by

the crystallographic axes a, b and c and 6 represents the Bragg angle of the respective hkl plane.

JT% 1) sin? () cos(p) dap

0

ST 1G6p) cos(w) dyp

Formula S3

sin?(y) =

cos2(¢p) = cos?(8) sinZ(yP) Formula S4

The calculations are performed for all-PE filament, HDPE filament and therewith printed samples using a

print temperature of 210 °C and a print speed of 100 mm s™,
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Table S2 provides the Bragg angles 8 and the values obtained for cos?(¢).

Table S2: Bragg angles 6 and calculated cos?(¢) for all-PE filament and HDPE filament and therewith 3D printed samples.

Sample hkl 0/ cos2(¢), cos?(¢),
; 200 7.981 0.296
HDPE Filament
020 11.994 0.330
200 8.011 0.348
Printed HDPE
020 12.034 0.287
200 8.118 0.356
All-PE Filament
020 12.153 0.209
Printed All-PE 200 8.099 0.177
Material 020 12.172 0.239

In a next step the orientation factors f, and f, can be calculated using Formula S5 and finally the Hermans

factor fy, which is equal to f,, can be obtained via Formula S6.

fa=05 (3 cos(¢)g — 1)

Formula S5

fo» = 0.5 (3 cos2(¢), — 1)

fu=fc=~fa— 1 Formula S6

The Hermans orientation factor fy is -0.5 in the case of perpendicular orientation, 0 for isotropic
conditions and 1 for perfect parallel orientation of the chains in the print direction. The resulting

orientation factors, obtained from one thin film specimen per sample, are summarized in Table S3.

Table S3: Orientation factors f,, f, and f. calculated for all-PE filament and benchmark HDPE filament and therewith 3D printed

samples.
Sample fa fo fe= fu
HDPE Filament -0.06 0.00 0.06
Printed HDPE 0.02 -0.07 0.05
All-PE Filament 0.03 -0.19 0.16
Printed All-PE Material -0.23 -0.14 0.37
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A comparison of WAXS measurements of printed all-PE material with various print temperatures and print

speeds is applied to investigate the effect of print parameters on the crystal structure.

a
5 5
s s
> >
Z ‘@
8 5
E £
e} el
I 8
g £
s s

T 7T T T T LI | T ;

10" 2x10"  3x10' 4x10’ 10" 2x10

q/nm~1 q/nm~!

b

Figure S3: WAXS of all-PE material processed by FFF with various print temperatures and print speeds a) 1D WAXS spectra. b) 2D

25 mms”, 220 °C

X

25 mms”, 200 °C

()

2

WAXS patterns (azimuth vs. momentum transfer).

Table S4: Orientation factors f,, f, and f. calculated for all-PE material printed with various print temperatures and print speeds.

100 mms” 210 °C
100 mms” 230 °C
50 mms” 230 °C
25 mm s 230 °C
25mms’ 220 °C
25mms’ 210 °C
25 mm s’ 200 °C

-2

Intensity / a.u.

Sample fa fo fo= fu
25mms? 230°C -0.21 -0.16 0.37
25mmst 220°C -0.23 -0.16 0.39
25mms? 210°C -0.20 -0.14 0.34
25mms? 200°C -0.25 -0.17 0.42
50mms? 230°C -0.16 -0.11 0.27
100 mm st 230°C -0.10 -0.09 0.19
100 mms?* 210°C -0.23 -0.14 0.37
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Figure S3 a and b show that neither the position of Bragg reflexes in 1D WAXS spectra, nor the 2D WAXS
patterns significantly depend on print speed or print temperature used in our work. Furthermore, the
Hermans factors, calculated from the WAXS spectra, do not indicate an unambiguous trend (Table S4).
We note that all Hermans factor calculations were based on a single thin film specimen as shown in Fig.
S3. Additional specimens for each combination of print speed and temperature should be measured to
assess the accuracy of the Hermans factor calculation. Nonetheless, it is observable that the Hermans

factors for all printed all-PE material samples indicate a PE chain alignment in the print direction.

The lattice parameters of the orthorhombic crystals are determined via Formula S7 for the corresponding

lattice planes (110), (200), and (011).6

1 h? k% 12
= ;+ ﬁ-l- = Formula S7

dhkl

The experimental lattice parameters are determined toa =0.72 nm—-0.74 nm, b =0.48 nm —0.49 nm and

¢ =0.24 nm—0.26 nm. These values are in agreement with the results found by Schirmeister et al.’



Small Angle X-Ray Scattering
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Figure S4: 2D SAXS of all-PE material processed by FFF (detector coordinates gy vs. dx) a) with a print speed of 100 mm st and a
print temperature of 210 °C measured by a lab-based Double Ganesha AIR system; Measurements performed perpendicular to
the sample and parallel to the sample. b) Schematic illustration of the perpendicular and parallel arrangement of the beam and
sample. c) 1D SAXS spectrum of all-PE material printed with 25 mm s and 230 °C. The maximum (e) and faintly pronounced
minimum (*) used to estimate the lamellar thickness and inter-lamellar distance, respectively, are indicated d) 2D SAXS of all-PE
material processed by FFF with various print temperatures and print speeds.

Figure S4 a show the signals obtained with a lab-based system. The reflexes associated with shish-kebab
crystal structures are significantly better visible when measured parallel to the printed layer compared to
perpendicular arrangement of the beam and the printed layer (Figure S4 b). Note that in the case of
perpendicular arrangement, the scattering contribution of the shish structures is not detectable, and the
kebab structures solemnly provide a weak signal. Measurements via a high brilliance beamline provide a

better resolution and allow fast measurements in the perpendicular arrangement. Both scattering
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contributions of shish and kebab structures are easily detected. In contrast to our expectations, the 2D
SAXS patterns are not significantly dependent on print speed or print temperature in the investigated
parameter range (Figure S4 d). The SAXS data are furthermore used to estimate the thickness of the HDPE
lamellae from a faintly pronounced local minimum (marked *) at around 0.48 nm™ and the inter-lamellar

distances from a maximum (marked e) at roughly 0.26 nm™.

Table S5: Lamellar thicknesses and inter-lamellar distances of shish-kebab crystals in all-PE material processed by FFF with various
print temperatures and print speeds and in all-PE filament.

Print Parameters Thickness of lamellae / nm Inter-lamellar distance / nm
Filament 13 24

100 mms?210°C 13 24

100 mms™* 230°C 13 23

50mms? 230°C 13 25

25mms? 230°C 14 27

25mms? 220°C 13 27

25mms? 210°C 13 25

25mms™* 200°C 13 26

The inter-lamellar distance appears to decrease slightly with increasing print speed, whereas no

significant trend can be observed for the variation of the print temperature.

10



Differential Scanning Calorimetry
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Figure S5: DSC traces of the first heat3D printed single-layered all-PE samples and benchmark HDPE reference.
No significant trend in heat flux can be observed for the variations in print temperature or print speed.

Crystallinity of the samples is determined by integration of the melt peak. Table S6 summarizes the results.

Table S6: Degree of crystallinity in HDPE and all-PE material processed by FFF with various print temperatures and print speeds
obtained from DSC.

Print Parameters Melt temperature / °C Crystallinity / %

HDPE 100 mm s 210 °C 131.1 65
All-PE Material 100 mm s 210 °C 131.8 63
All-PE Material 100mm s 230 °C 130.9 66
All-PE Material 50mm s?* 230°C 131.1 66
All-PE Material 25 mm s 230°C 131.8 68
All-PE Material 25 mm s 220°C 132.4 68
All-PE Material 25 mm s 210 °C 131.1 64
All-PE Material 25 mm s 200 °C 131.4 67
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Calculation of the thermal conductivity

For the simulation in Comsol Multiphysics the thermal conductivity of 3D printed all-PE material in print

direction and perpendicular to the print direction is calculated according to Formula S8.

k=ag p Formula S8

The corresponding density ¢ of 0.913 + 0.004 g cm? is measured with a helium pycnometer, the heat
capacity ¢, of 1.28 +0.03 J (g K) ' is determined by DSC and the thermal diffusivities & of 0.98 +0.05 mm? s

and 0.22 +0.01 mm? s are known from lock-in thermography.

12
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Figure S6: Evolution of the surface temperature of a single-layered sample, printed by FFF using two differing print directions and
heated by a point-like heat source at 50 °C monitored via an IR camera.

Figure S7: Image of the 3D printed all-PE sample used for demonstrating that defined temperature distributions are obtained by
controlling the print direction.
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Figure S8: Evolution of the surface temperature of a multi-layered sample, printed by FFF using two differing print directions and
placed on a hot plate at 50 °C monitored via IR camera.
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