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Intrinsically Thermally Conductive Polymers
Wider Impact Statement

Thermal transport is a ubiquitous phenomenon with wide-reaching real-world relevance.
Advancing many technologies will require new multifunctional thermal insulators and conductors.
Despite significant progress in controlling thermal transport, combining high thermal conductivity
with many other properties (e.g., lightweight, electronically insulating, thermally conducting)
remains inaccessible with contemporary material platforms. Polymers’ synthetic versatility,
processability, flexibility, scalability, low cost, and remarkable chemical stability have driven their
deployment in nearly every technological domain. However, bulk polymers are nearly always
thermal insulators (thermal conductivities of 0.1 — 0.3 W m" K), which has reduced their
deployment in thermal management applications. Thermal transport physicists have long
understood that certain polymers, when processed under certain conditions, can host high thermal
conductivities (>1 W m™ K"). Unfortunately, there are still limited interactions between polymer
chemists and experts from the thermal physics community, limiting the systematic exploration of
thermal conductivity in polymeric materials. This review seeks to catalyze engagement between
these often-siloed communities. We expect that establishing the design rules to achieve high
thermal conductivity polymers (>1 W m™ K™) will enable high thermal conductivity to be
combined with previously unobtainable properties that will be widely useful in thermal
management.
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Abstract

Here, we describe the design features that lead to intrinsically thermally conductive polymers.
Though polymers are conventionally assumed to be thermal insulators (<0.3 W m™' K1),
significant efforts by the thermal transport community have shown that polymers can be
intrinsically thermally conductive (>1.0 W m™' K'). However, these findings have not yet
driven comprehensive synthetic efforts to expose how different macromolecular features
impact thermal conductivity. Preliminary theoretical and experimental investigations have
revealed that high & polymers can be realized by enhancing the alignment, crystallinity, and
intermolecular interactions. While a holistic mechanistic framework does not yet exist for
thermal transport in polymeric materials, contemporary literature suggests that phonon-like
heat carriers may be operative in macromolecules that meet the abovementioned criteria. In
this review, we offer a perspective on how high thermal conductivity polymers can be
systematically engineered from this understanding. Reports for several classes of
macromolecules, including linear polymers, network polymers, liquid-crystalline polymers,
and two-dimensional polymers substantiate the design principles we propose. Throughout this
work, we offer opportunities for continued fundamental and technological development of
polymers with high thermal conductivity.
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1. An Introduction to Thermally Conductive (>1 W m™ K') Polymers

Thermal transport is a ubiquitous phenomenon with wide-reaching real-world relevance.
Developing next-generation microelectronics, energy storage devices, and extreme-
environment materials requires new multifunctional thermal insulators and conductors.' A
universal need for heat management has inspired a long-standing interest in the mechanistic
underpinnings of thermal transport.>® This mechanistic insight has driven material designs that
enhance or suppress thermal conductivity (k) while retaining other technologically desirable
properties (e.g., mechanical strengths, electrical conductivities). Despite significant progress
in controlling thermal transport, many property combinations (e.g., lightweight, electronically
insulating, thermally conducting) remain inaccessible with contemporary material platforms.

Macromolecular materials can be engineered with a virtually limitless number of property
combinations. Polymers’ synthetic versatility, processability, flexibility, scalability, low cost,
and chemical stability have driven their deployment in nearly every technological domain.
However, a prevailing belief that polymeric materials are inherently thermally insulating (k =
0.1 — 0.3 W m! K'!) has motivated research on composites of thermally conductive inorganic
materials embedded in polymeric matrices and restricted the exploration of pure polymer
constructs for thermal management.”® For a more in-depth exploration of thermally conductive
polymer composites, we direct interested readers to the following references by Xu and
coworkers and Gu and coworkers.” ' Below, we consider only intrinsically thermally
conductive polymeric materials.

Insights provided by Fermi, Pasta, and Ulam on thermal transport in one-dimensional
lattices inspired computational work that suggested high & polymers (>1 W m™! K'') may be
obtainable.!!"!> However, these simplified models disregard much of the complexity that exists
in bulk polymer samples. Over the past twenty years, the thermal transport community has
experimentally demonstrated that bulk polymeric materials can host significantly higher
thermal conductivities than previously assumed.!® Unfortunately, there are still limited
interactions between polymer chemists and experts from the thermal physics community,
which has constrained the systematic exploration of thermal conductivity in polymeric
materials. This review seeks to catalyze engagement between these often-siloed communities.
It is clear that establishing the design rules to achieve high thermal conductivity polymers (>1
W m™ K!) will enable previously unobtainable property combinations that will be widely
useful in thermal management.

Design Principles for Thermally Conductive Macromolecules
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Figure 1| Material design elements that yield high thermal conductivity in polymeric materials.
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The poor thermal conductivity observed in polymers is typically attributed to them being
amorphous materials held together by weak intermolecular interactions.!” While these features
may limit the thermal conductivity of some polymers, they are not universal. Several recent
reports have shown that highly thermally conducting polymers can be achieved (Figure 1) by
(1) enhancing polymer crystallinity, (2) increasing macromolecular chain alignment, and (3)
reinforcing inter-chain non-covalent interactions.!®?! When these three features are combined,
stiff, structurally ordered polymeric materials emerge. Preliminary observations reveal that
high thermal conductivity manifests when polymers have these characteristics. While we
consider these three features independently below for clarity, it is self-evident that alignment,
crystallinity, and mechanical rigidity are invariably linked, and all collectively impact thermal
conductivity. Luo and Zhang elegantly demonstrated this by performing molecular dynamic
simulations on a prototypical polyethylene material and showed that as site-interaction energies
increased, so too did the alignment, crystallinity, and rigidity of polymer systems (Figure 1).>
These findings will generalize to large numbers of polymeric materials. Here, we describe a
mechanistic framework based on phonon transport in crystalline materials, which we believe
charts a roadmap to engineer polymers with high thermal conductivity.?®

Thermally conductive polymers cannot be realized by chemical design alone. Appropriate
processing conditions are essential for producing the well-ordered mesoscale structures
important for bulk thermal transport.!® 2* Due to the anisotropic structure of crystalline
polymeric materials, it is reasonable to expect thermal conductivity to be anisotropic.?>2® For
example, Luk and Chen provided evidence that aligned polymers have k’s >50 W m™! K™! and
high k anisotropy ratios of >30. Chen and coworkers showed that polyethylene nanofibers
processed via stretching yielded high thermal conductivity (104 W m™ K'!) along the alignment
axis,?’ which was later shown to also improve the thermal conductivity in aligned polyethylene
films (62 W m™! K1).2® These reports unambiguously demonstrated that phonon-like transport
along aligned polymer chains can lead to high thermal conductivities,” revealing that
developing thermally conductive polymers will require synergized covalent designs and
processing strategies.
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Figure 2| Potential multi-functionalities accessible by thermally conductive polymeric materials. Upper
bound of potential thermal conductivity of polymers is assigned as the maximum thermal conductivity
(computational report) reported for polyethylene (273 W m™ K1),

Herein, we identify consistent polymer chemistry and processing elements currently
reported to enhance intrinsic thermal conductivity in the absence of thermally conductive
additives. Throughout this discussion, we draw on recent literature examples and highlight
opportunities for continued exploration. We specifically aim to contextualize the proposed
origins of high thermal conductivity in these reports within a broader discussion of the
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fundamental origins of high thermal conductivity in polymeric materials. While we do not aim
to comprehensively cover all reports of thermal conductivity measurements in polymers, we
do capture the key chemical and structural motifs that are prevalent across many reported
materials. We also provide a brief tutorial on thermal transport mechanisms and outline
challenges with obtaining thermal conductivity measurements, which are not frequently
considered by the polymer chemists who are best positioned to prepare next-generation
thermally conductive polymers. Similarly, we highlight synthetic design elements that lead to
high thermal conductivities, which will inspire thermal transport experts who may be
unfamiliar with polymer design and synthesis.

To-date, polymer thermal conductivity investigations have been primarily driven by the
thermal transport community. We believe that future developments in polymer thermal
conductivity will be driven by interactions between these experts and the macromolecular
engineers who are trained to systematically vary polymer structures. We hope that the insight
we provide here will help to bridge the gap between these often-siloed communities. This
review provides a necessary nexus for chemists, materials scientists, and engineers to
collaboratively target thermally conductive polymeric materials, which we view as a
prerequisite to the successful deployment of polymers in thermal management. As these
designs mature, we expect that thermally conductive polymers will host property combinations
that are currently inaccessible (Figure 2).

2. Complex Thermal Transport Mechanisms in Polymeric Materials

The fundamental nature of thermal transport in macromolecular materials is not well
understood,'® making guided design of polymers with intrinsically high thermal conductivity
challenging. A simple understanding of heat transfer in solid crystalline materials considers
parallel contributions by electrons and phonons as the primary heat carriers (Eq. 1). This yields
the equation:

k(T) =k + ke (Eq. 1)

where k, and k. denote the contribution of phonons and electrons, respectively.'® Given the
limited electronic delocalization present in low-dielectric organic materials with low charge-
carrier densities (e.g. 7.0 eV bandgap and 2.25 dielectric constant of polyethylene), the
Weidermann-Franz law would lead one to the conclusion that the contribution from electron-
based thermal transport is negligible in most polymer systems. As a rough approximation, to
achieve a k. of 0.1 W m™! K! with the same Lorenz constant of Cu would require an electrical
conductivity of 10*S m™!, which is outside the range of many polymeric materials. However,
there are notable examples of polymer systems that host high dielectric constants and
significant charge-carrier densities, suggesting there may be cases where this assumption is
invalid.’*® To our understanding, polymers with meaningful contributions of electron heat
transport have yet to be identified. For this reason, we assume in the subsequent discussion that
phonons are the primary heat carriers in polymeric systems. This interpretation is built on an
imperfect assumption that thermally conductive polymers are at least partially crystalline.
Nonetheless, we feel that a phonon model of thermal conductivity can be used as a guide to
achieve high thermal conductivity polymers. Phonon-based models that assumed a mean free
path that is comparable to the wavelength have been used by Slack and Cabhill to define a lower

limit to thermal conductivity of amorphous polymer systems of approximately 0.1 W m™ K-
134,35
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Crystalline, aligned, rigid, polymers promote phonon transport

Figure 3| A phonon model of thermal transport in polymer materials and correlations between phonon
propagation and structural design elements.

Phonons are emergent and quantized quasiparticles that describe collective structural
oscillations in crystalline matter. Peierls showed that phonon propagation and scattering
collectively describe heat transport in well-defined crystals.!”-3! In polymer systems, phonons
describe vibrations along the covalent polymer backbone, motion along pendent polymer
functionality, non-covalent oscillations between chains, and collections of these movements.
One feature distinguishing phonons in polymeric systems from those in typical inorganic
crystals is that the bonding environment (i.e., the covalent bonds that stitch the polymer chain
together) is inherently anisotropic. This means that phonon-based thermal transport is also
likely to be anisotropic. Given the high covalent bond strengths and similar masses of atoms in
polymer backbones heat will often be transported primarily by phonons in the covalent polymer
structure, which was first explored computationally by Young and coworkers.*? It is important
to realize that even in perfectly crystalline structures, phonon-phonon scattering prevents the
realization of infinite thermal conductivity. Phonon-phonon (or perhaps more appropriately
vibration-vibration) interactions in polymeric materials are not currently well-understood, but
undoubtedly have a significant impact on thermal conductivity. We use a phonon-based model
in our subsequent discussion to describe how polymers could host high, anisotropic thermal
conductivities.

Phonon-based thermal transport is a simplified model to describe heat transport in polymeric
materials.!” Previous intuition for phonon-based transport has been derived from perfectly
homogenous, single-crystalline, inorganic systems. Any degree of heterogeneity in the
composition, structure, or local conformation will disrupt this periodicity. Amorphous and
semicrystalline polymeric materials will unavoidably host these non-idealities. Strictly
speaking, this would mean that it is no longer valid to describe thermal transport with phonon
dispersions, defined wavevectors, or to assign phonon velocities. This has led the thermal
transport community to introduce other quasi-particles, including propagons (delocalized and
propagating vibrations), diffusons (randomized extended vibrations), and locons (localized
vibrations).** In less ordered polymers, these descriptors may be more appropriate than a
phonon model. A definitive and quantitative model does not exist to describe these other
quasiparticles or capture the nuance of polymer thermal conductivity. We direct readers
interested in recent theoretical descriptions of polymer thermal transport to the following
references.*** Going forward, it will be critical to develop models that can contend with the
complex semi-crystalline structure of polymeric systems and their equally complex thermal
transport carriers (see Section 6). The recently proposed Wigner formulation of thermal
transport,*> ** which naturally includes phonon and diffuson effects, may provide insight, but
challenges remain in applying it to disordered systems.*> The mechanistic ambiguities
surrounding thermal transport in polymers have constrained the systematic development of
thermally conductive polymers. Despite these unresolved challenges, we propose that a
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phonon-based model is still useful for conceptualizing how one might engineer highly
thermally conductive polymers (Figure 3).

Crystalline materials host higher thermal conductivities than their amorphous analogs.** *

For this reason, crystalline polymers are a reasonable starting point towards the goal of
producing highly thermally conductive polymers. Such an approach carries the advantage of
drawing on a mechanistic understanding of phonon-based thermal transport in other crystalline
systems to guide macromolecular designs. Specifically, we take inspiration from a simplified
isotropic model (Eq. 2) of phonon-mediated thermal conductivity (k;):

ky == [ C(@)v(@)A(w)dw = C,54 (Eq.2)

where w, C, 7, and A refer to the frequency, heat capacity, average phonon group velocity, and
average phonon mean free path, respectively. In reality, there is a broad spectrum of phonons
with different frequencies () that display a wide range of values for these two properties (e.g.,
mean free paths may span from nanometers to microns).*® This means that a narrow range of
o may dominate bulk thermal transport. From this equation, we derive the following objectives:
(1) enhancing the phonon mean free path, 4, can be achieved by increasing the crystallinity
and producing polymers with physical lengths that exceed the intrinsic phonon mean free path
set by phonon-phonon scattering, (2) increasing the phonon group velocity, v, can be achieved
by making the polymer stiffer, which is known to increase thermal conductivity in inorganic
materials. Modifying the volumetric heat capacity, C, is likely not a straightforward method to
increase thermal conductivity given that it is non-trivial to increase the atomic number density
in fully dense polymer materials. While this model does not account for much of the
anisotropic, semi-crystalline nature in true polymer systems, we feel that it can be a useful
starting point for considering design criteria to achieve thermally conductive polymers. We
base our following exploration of stiff, aligned, and crystalline polymers on this description of
thermal conductivity.

3. Molecular Features of High Thermal Conductivity Polymers

Contemporary studies that produce high thermal conductivity polymers have focused on
enhancing the structural regularity and interchain interactions in polymer systems. Below, we
provide examples that explore these features in various macromolecular materials. While we
explore these features separately to focus our discussion, we stress that these features are
intrinsically linked at the covalent, microstructural, and mesostructural scales.”? No single
theory or synthetic approach has systematically uncovered how these features are related in the
context of thermal conductivity. In the future, engineering highly thermally conductive
polymers will require controlling these structural elements simultaneously.
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Figure 4] H-bonding in polymer blends leads to increased thermal conductivity. This graphic was
adapted with permission from ref.(21). Copyright 2015 Nature Portfolio.

3.1 Supramolecular Reinforcement

3.1.1 Interchain Hydrogen-Bonding in Polymer Blends: Rigid materials generally host
higher phonon group velocities that yield enhanced thermal conductivities.!” 47 Some
polymeric materials, such as isotactic polypropylene, are rigid without intentionally installed
supramolecular reinforcement. This leads to modest thermal conductivities (k> 0.5 W m™ K-
1) even in the absence of alignment or long-range crystallinity.*® ** These observations have
motivated the exploration of engineered interchain supramolecular interactions to improve
thermal conductivity. Pipe, Kim, and coworkers installed hydrogen bonding (H-bonding) units
onto a series of polymers, which had interaction strengths one to two orders of magnitude
higher than the van der Waals interactions that reinforce simple polyolefins, such as
polypropylene.”>* Specifically, this report explored the thermal conductivity of polymer
blends between a H-bond accepting poly(N-acryloyl piperidine) (PAP) and three different H-
bond accepting polymers, poly(acrylic acid) (PAA), poly(vinyl alcohol) (PVA) and poly(4-
vinyl-phenol) (PVPh) (Figure 4).>! The authors postulated that by combining H-atom donors
and acceptors, the composite material would exhibit high stiffnesses with a homogenous
distribution of phonon percolation pathways. Fourier-transform infrared spectroscopy analysis
of the C=0 bond stretch revealed that the H-bond strength between these polymer blends
decreased from PAP:PAA to PAP:PVPh to PAP:PVA. Cross-plane thermal conductivities
performed in a differential 3w configuration revealed that PAP:PAA polymers with the most
robust interchain interactions had the highest thermal conductivities (k= 1.5 W m™! K'!), which
was a substantial enhancement over pure PAP or PAA systems (k=0.19 Wm™ K and 0.22 W
m™! K!, respectively) (Figure 4). This concept was explored more deeply by Cahill and
coworkers, who also showed that polymer blends with appreciable supramolecular interactions
lead to enhanced thermal conductivity.”> Moreover, these authors use mechanical property and
sound speed measurements to show that the mechanical stiffness, sound speed, and thermal
conductivity are all positively correlated. These findings underscore opportunities to compare
widely available and easily measured polymer thermomechanical properties with thermal
conductivity values, which we believe will yield important latent design insight for achieving
high thermal conductivity polymers.
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The measurements performed by Pipe, Kim, and coworkers were all performed on sub-100
nm thick films, which is routine practice for making polymer thin film samples to measure
thermal conductivity . It is currently not understood if the experimentally observed thermal
conductivities are influenced by the nanoscale dimensions of the samples studied or if these
enhancements could also be observed in bulk materials with sufficient supramolecular
reinforcement. An equilibrium molecular dynamics study by Tian and coworkers found that
nanoscale confined amorphous polystyrene leads to decreased thermal conductivity.’® This
contrasts with crystalline polystyrene, which in the same computational work increased in
thermal conductivity as nanoscale confinement is increased. The origin of this qualitatively
different behaviour is ascribed to the different chain conformations that emerge in different
polystyrene phases under confinement. As the authors of this study note, a generalized model
for understanding nanoconfinement and thermal conductivity in polymer systems is not yet
available. The high thermal conductivities experimentally observed by Pipe, Kim, and
coworkers are even more impressive given that these polymer blends are amorphous and
unaligned. Therefore, the systems with the same (or greater) degree of supramolecular
reinforcement with improved structural regularity could exhibit even higher thermal
conductivities.

1,3,5-triyl tribenzoate
Ph

0
Poly(vinyl alcohol) Ph)LO/@\o

OH OH OH OH OH OH

H
k=0.8Wm' K1 OH OH OH O O©OH OH

Poly(vinyl alcohol):1,3,5-triyl tribenzoate
ki =1.3Wm' KT

Figure 5| H-bonding from exogenous H-bonding molecules leads to increased thermal conductivity.
This graphic was adapted with permission from ref.(57). Copyright 2022 John Wiley & Sons.

3.1.2 Molecular H-Bonding Dopants: Adding exogenous H-bonding molecular dopants
can increase supramolecular reinforcement and thermal conductivity in polymer samples. For
instance, Shi and coworkers used laser flash thermal diffusivity measurements to extract the k&
of poly(vinyl alcohol) films reinforced with H-bonding molecules. Specifically, the authors
explored the H-atom acceptors 4,4'-dihydroxy diphenyl, 1,1'-biphenyl-4,4'-diyl hexanoate, and
benzene-1,3,5-triyl tribenzoate,”’ finding that increasing amounts of each dopants increased the
degree of crystallinity, tensile strength, and pyrolysis temperature of the resulting composites.
Increasing the amount of H-bond mediator translated to an increase in their measured thermal
conductivity from 0.80 W m™! K™! for native poly(vinyl alcohol) to a maximum of 1.3 W m™ K-
! with the most potent H-atom bond acceptor, benzene-1,3,5-triyl tribenzoate (Figure 5).
Interestingly, the authors reported that there was bulk anisotropic thermal conductivity with a
Kin-plane 0f 1.30 W m™ K™! and a keross-planc of 0.64 W m™ K1, which yields a kaverage 0f 0.97 W m’
U'K!. The origin of the purported k anisotropy in this system is not immediately apparent. The
authors postulate that the increase in thermal conductivity arises from the stiffer, denser, and
more ordered nature of the polymer-molecule composite, though experimentally determined
densities were not reported. Future efforts for this and other supramolecularly reinforced
systems should be directed towards understanding the interaction between materials design,
mesostructural features, and resultant thermal conductivity. Despite the need for future study,
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this report suggests that increasing the H-bonding through incorporating H-bonding molecular
dopants in poly(vinyl alcohol) may yield higher thermal conductivities.

N o o
N
N Q
AOWen:
No supramolecular reinforcement
k=0.22Wm"K" (0% 4NADA Incorporation)

Reinforced by H-bonding and -1t interactions
k=0.55 W m-" K" (10% 4NADA Incorporation)

Figure 6| Copolymers exhibiting supramolecular reinforcement were observed to have higher thermal
conductivities. This graphic was adapted with permission from ref.(58). Copyright 2023 Cell Press.

3.1.3 H-Bonding Engineering: Physically mixing multiple polymers into a single
homogenous material is challenging to perform reliably. Xu and coworkers addressed this
limitation by constructing copolymers with supramolecular motifs covalently tethered to the
polymer backbone. Specifically, the authors prepared a rigid polyimide-based linear copolymer
(PMDA) with variable incorporation of 2,4,5,7-tetraamino-1,8-dihydroxyanthracene-9,10-
dione (4NADA) H-bonding moieties (Figure 6).°® Following annealing, the polymers with 10
mol% H-bonding 4NADA motifs had a thermal conductivity three times higher (0.6 W m™' K-
1) than the native PMDA polyimide as measured by a direct contact T-bridge method. This was
accompanied by an exceptionally high glass transition temperature 7y = 434 °C. The authors
hypothesize that these features emerged from H-bonding units minimizing the contortion of
polymer chains, leading to enhanced copolymer packing densities. From this assumption, these
authors propose that the phonon mean free paths are enhanced by supramolecular
reinforcement. It could also be that the increased rigidity of the system leads to higher phonon
group velocities. In either case, the “unit cell size” of the polymer units used to describe these
phenomena have increased, which in crystalline solids would generally lead to lower thermal
conductivities. This counterintuitive result highlights a limitation in describing thermal
transport in amorphous systems with phonon-like heat transfer models. Uncovering the origin
of high thermal conductivity in all polymer systems will require a more detailed mechanistic
investigation into the nature of thermal transport and the synthetic designs that facilitate it.
Presumably, understanding the impact of polymer microstructure on k could be driven by
making correlations between thermomechanical characteristics (e.g., T,, thermal expansion
coefficient, and tensile strengths) and thermal conductivity. Nonetheless, this work represents
an exciting k enhancement by supramolecular reinforcement, which also gives these materials
desirable multifunctionality in thermal conductivity, electronic insulation, mechanical strength,
and high-temperature stability.
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Figure 7| A. Poly(vinyl alcohol) can be annealed with water vapor to introduce crystallinity. B. Thermal
conductivity data show that more annealed films have higher thermal conductivities. The green and
yellow highlighted regions indicate fitting with different effective medium theory predictions. This data
is consistent with a structure shown in the inset, where hydrated amorphous regions separate crystalline
regions. This graphic was adapted with permission from ref.(59). Copyright 2020 Royal Society of
Chemistry.

3.1.4 Dynamic Supramolecular Interactions: Supramolecular interactions can often be
reversibly formed and broken. The dynamic nature of these interactions provides an exciting
opportunity to engineer polymeric materials with switchable thermal conductivities. Chen and
coworkers recently showed thermal switching in a poly(vinyl alcohol) system by the addition
of water. The authors suggest that adding water vapor to poly(vinyl alcohol) increases the
mobility of polymer chains, allowing more effective crystallization (Figure 7A).> This
interpretation is supported by increased thermal conductivity to a maximum of 0.55 W m' K!
after two weeks of annealing. Presumably, other structural features, such as the bound state of
the water (kwater, buk = 0.6 W m™' K!) or the supramolecular reinforcement from interchain H-
bonding, also impacted the observed thermal conductivity (Figure 7B). The origin of thermal
switching based on chemical stimuli will be complicated to unravel because of these
chemostructural ambiguities. For this reason, we anticipate that stimuli-responsive switching
based on non-chemical stimuli (such as photo, electrical, or thermally driven switching) will
be more straightforward to understand. Nonetheless, this work demonstrates that
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supramolecular reinforcement, when combined with crystallinity, can give moderate thermal
conductivities in low moduli networks. This is an exciting development because mechanically
compliant materials are generally thermally insulating. As more switching mechanisms and
thermal conductivity design principles are uncovered, we expect more unique
multifunctionalities to naturally evolve.
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Figure 8| A. Photoinduced switching of azobenzene-functionalized polymers. B. Photoswitchable
thermal conductivity over multiple switching cycles driven by different colors of light (UV = 375 nm
and Green = 530 nm). This graphic was adapted with permission from ref.(60). Copyright 2020 National
Academy of Sciences.

3.1.5 Photoswitchable Thermal Conductivities: Photoinduced switching of covalent
bonds has also been used to modulate thermal conductivity in polymeric systems. Cahill and
coworkers produced a poly(methyl methyacrylate) derivative containing photoswitchable azo-
benzene units.®® In situ X-ray scattering experiments showed that as trans-azobenzene
polymers were photoirradiated with 375 nm light, the semi-crystallinity of these
supramolecular networks was disrupted and a phase change occurs due to the irregular folding
of cis-azobenzene units (Figure 8). This transformation was fully reversible with irradiation of
530 nm light, which resulted in frans-azobenzene sidechains and full recovery of the original
material phase and thermal conductivity. /n situ time-domain thermoreflectance measurements
showed that this crystalline-to-amorphous transition resulted in thermal conductivity switching
from a trans-state thermal conductivity of 0.35 W m™ K'! to a cis-state thermal conductivity of
0.1 W m K'!. Shen and coworkers have also observed switchable thermal conductivity by
taking polyethylene fibers through a melting phase transition.®! Specifically, using a suspended
platform measurement geometry to measure the thermal conductivity of approximately 100 nm
thick crystalline polyethylene nanofibers at different temperatures allowed the authors to
observe a maximum 10x thermal conductivity switching ratio from approximately 30 W m™!
K to 3 W m™ K. Moreover, by producing asymmetric fibers by photoirradiation, they also
demonstrated modest thermal rectification values of 50%.%> This suggests that asymmetric
polymeric structures might also host asymmetric thermal transport, which we consider to be an
exciting direction for future research. We expect that future synthetic designs will lead to higher
thermal conductivities and switching ratios by considering other elements of polymer systems,
such as their propensity for alignment and their supramolecular reinforcement (which governs
other important features in switchable thermal conductivity, such as Ty).

11
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3.1.6 Perspective on Supramolecular Interactions in Thermal Transport: Targeted
supramolecular interactions yield high thermal conductivities in polymeric systems. While the
discussion here focuses heavily on H-bonding, other supramolecular interactions (e.g.,
electrostatic or 7m-m interactions) can also facilitate increased thermal conductivities.®® %
Presumably, combinations of these intermolecular interactions will lead to higher thermal
conductivities and new switching modalities that are yet to be explored. It is also unclear to
what extent van der Waals contact (e.g., between polyethylene chains) in all polymer systems
impacts thermal transport. Currently, the interaction strengths of these supramolecular
interactions are weak (<10 kJ mol™). Increasing the strength of these interactions may increase
thermal conductivity beyond what has already been achieved. There may also be an upper
threshold to how strong supramolecular interactions can be before they increase phonon-
phonon scattering along a linear chain, which could reduce thermal conductivity. This may be
why conventional H-bonding polymers, like Kevlar, are typically observed to be exceptionally
thermally insulating.®> Conclusions to this effect are challenging to assign definitively because
reports demonstrate that Kevlar (and other high performance polymers) can be thermally
conductive if they are appropriately aligned and crystallized by mechanical drawing.*’- % These
competing findings underlie the importance of considering alignment, crystallinity, and
supramolecular reinforcement holistically in polymer thermal transport. In the future, a more
robust mechanistic understanding must be developed to understand how crystallinity and
supramolecular interactions between chains collectively influence thermal conductivity.

3.2 Directional Alignment

3.2.1 Mechanical Drawing of Polyethylene: Structural regularity and directional alignment
promote enhanced thermal conductivities. Polymer chain alignment can be achieved by spin-
coating, templated-organization, spinning, or stretching (Figure 9A).!% 1%:23:27: 6671 The origin
of k increase in drawn polymer fibres is often attributed to the large-group velocity and long-
lifetime longitudinal acoustic phonon modes that effectively transport heat along the aligned
polymer backbones.”” 7> Mechanical drawing has been heavily explored to produce highly
thermally conductive polyethylene, a prototypical polymer system. Semicrystalline
polyethylene thermal conductivities of >100 W m™ K'! have been achieved by a variety of
processing methods (Figure 9B).>” While the crystallinity certainly enhances thermal transport
in drawn polyethylene fibres, mechanical drawing also aligns the amorphous regions of semi-
crystalline polyethylene.” At this stage, it is not well-understood how alignment and
crystallinity interact to yield high thermal conductivities.

The thermal conductivity of properly processed polyethylene is higher than many
conventional thermal conductors, including GaAs (k,= 55 W m™ K1), TiO> (k,= 4.8 W m™! K-
), Ni (ke = 62.4 W m! K!). However, experimental measurements of polyethylene thermal
conductivity are still lower than the upper limit predicted by molecular dynamic simulations of
k=273 W m! K! for single-crystal polyethylene.” We accept that mesostructural features,
such as chain ends or local structural deviations, may lead to this disagreement in & values. An
interesting feature of drawn polymer samples is that, in some cases, nanoscale dimensions are
obtained.”® At the absolute limit of single-molecule thermal transport, it is known that heat
transfer happens extremely rapidly along the covalent backbone, with interfacial thermal
resistances constraining the overall thermal diffusion.””””” Molecular dynamics simulations by
Henry and coworkers show that system size effects reduce the upper limits to thermal
conductivity in polyethylene. This was derived by first considering isolated polyethylene
chains, then 2D sheets of polyethylene chains, and then 3D monoliths of polyethylene fibers
of different diameters. Specifically, they show how adding vibrational modes (as they add
dimensionality to a polyethylene system) increases two competing effects. The first effect is
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additional modes for thermal transport, which lead to increased thermal conductivity. The other
is the increase in phonon-phonon scattering, which decrease thermal conductivity. For this
polyethylene system, the increase in phonon-phonon scattering outcompetes the benefits of
additional vibrational modes. This leads to the consequence that as more chains are added to
the simulation, a decreased upper bound on thermal conductivity is observed. It is not yet clear
if this is a general phenomenon amongst all polymeric materials or if the magnitude of this
effect varies substantially. Collectively, extensive investigations into polyethylene demonstrate
that high thermal conductivities naturally emerge if the crystallinity and alignment of
macromolecules is optimized, which we expect will translate to other macromolecular
structures.
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Figure 9| A. Schematic showing how mechanical drawing increases linear polymers' alignment and
structural regularity. B. Thermal conductivity of polyethylene strands with high degrees of alignment
and micron- or nano-scaled thicknesses. C. Thermal conductivities of various commercially drawn
fibers and the D. structures of these polymers. Data from Panel B and C were taken from ref.(27) and
ref.(66), respectively. Copyright 2010 Nature Portfolio and copyright 2013 American Chemical Society
for ref.(27) and ref.(66), respectively.

3.2.1 Mechanical Drawing of Other Polymer Systems: To realize the scope of high thermal
conductivity polymers it is imperative that the more complex chemical systems be explored.
Cahill and coworkers expanded studies performed on aligned polyethylene by exploring the
impact on k of these processing approaches on several high-modulus commercial fibres using
time-domain thermoreflectance measurements (Figure 9C-D).%® As one example, the thermal
conductivity of drawn poly(p-phenylene benzobisoxazole)’s increased by nearly two orders-
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of-magnitude (20 W m™ K') over its unprocessed comparison. This increase in thermal
conductivity was accompanied by significantly increased crystallization of the polymer chains,
as demonstrated by X-ray scattering measurements. This study also used temperature-

dependent thermal conductivity measurements to uncover an inverse k(7) < 1/T dependence

across a broad temperature range. This temperature dependence is analogous to temperature-
dependent thermal transport in crystalline systems and suggests that Umklapp scattering rather
than structural non-idealities govern the measured & at high temperatures. This finding suggests
that a phonon thermal transport model can be valid in polymeric materials with sufficient
structural order.

While postsynthetic mechanical drawing and aligning are undeniably valuable methods to
access high thermal conductivities, these approaches have limitations. First, not all polymeric
materials are amenable to crystallization by mechanical drawing, which may reduce the
property combinations accessible by mechanically induced alignment. Second, post-processing
methods to generate alignment are often only compatible with certain sample morphologies
(e.g. fibers and films). To fully leverage the versatility of polymers, it will be necessary to
identify how the accessible morphologies can be broadened to include structures such as bulk
monoliths. Third, the relationship between chain alignment, polymer relaxation, and thermal
conductivity has not been studied, which is essential to understanding the duration of high
thermal conductivity in aligned polymer chains, especially in polymers with low Tgs.
Presumably, some regions of aligned polymer materials slowly relax their alignment and lose
their structural regularity over time. If true, this would motivate further investigations into
thermodynamically stable, aligned polymers with high thermal conductivity. A more in-depth
analysis of these transient structural dynamics in aligned polymers is needed to understand the
absolute limitations of mechanically induced alignment. Regardless, the result of mechanical
alignment shows that polymeric materials are not intrinsically thermally insulating. We expect
this strategy and the mechanistic understanding it provides will feature prevalently as this field
develops.

We direct readers interested in mechanical processing as a method to access high thermal
conductivities to the following reference.®’
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Figure 10| A. General monomer and polymer structure of liquid crystalline polyimides. Multiple
polymer formulations are generated by altering the monomer feed ratios. B. Thermal imaging of heated
two different liquid crystalline polymers heated over time. C. Extracted in-plane and cross-plane
thermal conductivities from liquid crystalline polyimides generated from different monomer feed ratios.
Data from Panels B and C are adapted from ref.(80). Copyright 2021 American Chemical Society.
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3.3 Enhanced Crystallinity

3.3.1 Liquid Crystalline Polymers: Intrinsically crystalline polymeric systems offer clear
opportunities for high thermal conductivity without mechanical alignment.?® One approach to
achieve high thermal conductivity without mechanical alignment is to use liquid crystalline
polymer systems. For example, Gu and coworkers synthesized liquid crystalline polyimide
copolymers by combining four reagents: 4,4'-diamino diphenyl ether (ODA), 1,4-bis(4-
aminophenoxy) benzene (TPE-Q), 4,4-(p-phenylenedioxy) bis[phthalic anhydride] (HQDA)
and 4-phenylethynyl phthalic anhydride (PEPA).3° By modifying the molar ratio of these
components, the authors could tune the degree of crystallinity as evaluated by X-ray diffraction.
The authors report that the thermal conductivity was positively correlated to the degree of
crystallinity, with the most crystalline material exhibiting a maximum value of in-plane (k)
and cross-plane (k) thermal conductivity of 2.11 W m™ K™! and 0.32 W m'! K1, respectively
(Figure 10). These values were larger than the thermal conductivity values for entirely
amorphous films with k; = 0.77 W m™ K and k; = 0.15 W m"' K''. The origin of this
anisotropy is not immediately obvious. The authors postulate that phonon scattering was more
prevalent in amorphous films, which reduced observed thermal conductivities. This conclusion
is indicative of the challenges that arise in the absence of a unified model to describe thermal
conductivity and heat carriers in polymer systems, because it is unclear if phonon scattering is
increased or if the nature of the heat carriers has simply changed (as phonons do not
conventionally exist in amorphous systems). Regardless, this work demonstrates the possibility
of achieving high thermal conductivities without the need for mechanical alignment, though it
is still unclear what approaches or material designs are best suited for intrinsically thermally
conductive polymers and if these materials can match the ultra-high thermal conductivities of
mechanically drawn macromolecules.
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Figure 11| Oxidative chemical vapor deposition (0CVD) yields highly crystalline and aligned
poly(hexylthiophene) with high thermal conductivities.

3.3.2 Oxidative Chemical Vapor Deposition Polymerization: Another approach to
achieve high intrinsic thermal conductivities is for the polymerization method to directly yield
crystalline structures. As one example of direct polymerization of crystalline samples, Chen
and coworkers polymerized 3-hexylthiophene via oxidative chemical vapor deposition (0CVD)
with iron chloride (FeCls) to directly produce highly crystalline poly(3-hexylthiophene)
(Figure 11).*' By adding FeCls, a quinoidal structure between adjacent thiophenes was
generated leading to a rigid and highly planar nanostructure. Quinoidal formation was validated
by UV-Vis. spectroscopy, which revealed a characteristic bipolaron feature in the 700-900 nm
and 1800 nm regions. As a result of this quinoidal structure, the oxidized poly(3-
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hexylthiophene) exhibited high crystallinities and supramolecular interchain reinforcement due
to extensive n-m interactions. Time-domain thermoreflectance measurements demonstrated that
films produced by oCVD exhibited a high room temperature thermal conductivity of £ = 2.2
W m K. Variable-temperature thermal conductivity measurements revealed that the k value
was positively correlated to the measurement temperature with a & value of 1.3 W m™! K! at
200 K that increased to 2.2 W m™ K'! at 280 K. The authors ascribe this temperature-dependent
behavior to the fact that both intra-crystallite phonon-transport and inter-crystallite interfaces
with amorphous character both govern the observed &, each of which has its own temperature-
dependence, making it complicated to assign the collective origin of thermal transport
temperature-dependence. In future efforts of oCVD polymerization, it will be useful to
definitively determine the crystal grain sizes studied to begin to disentangle the influence of
these interfaces on bulk thermal transport. One limitation of this synthetic strategy is that there
are a limited number of polymers and resultant material properties that oCVD can access.
Future research should work to identify and expand the synthetic limitations of this approach.
Nonetheless, given the desirable crystallinity produced by oCVD and its compatibility with
large-scale manufacturing, we expect that directly producing crystalline thermally conductive
polymers through this method will be a fruitful area of study.

3.3.3 Cross-Linked Networks: Alignment and crystallinity are often associated with linear
polymer structures. Network polymers, which can also be structurally defined, have been
overlooked in this design criteria. Complicating the situation further is that network polymers
are less trivial to prepare as well-defined thin films, which are desirable for some thermal
management applications. Cahill, Evans, and coworkers overcame this by studying liquid-
crystalline epoxies, which they showed had thermal conductivities between 0.1 W m™ K! to
1.0 W m! K, which were positively correlated to the absolute crystallinity of these
networks.®> 8 The same authors more recently explored a dynamic covalent network,
sometimes known as a vitrimer,* which can be processed as thin films. The particular
inorganic-organic hybrid boronate-ester network explored in this report also exhibited slow
crystallization kinetics, which allowed the authors to explore thermal conductivity as a function
of total crystallinity.®? Using time-domain thermoreflectance measurements, they showed that
the thermal conductivity increased from 0.1 W m™ K to 1.0 W m K as the percent
crystallinity increased over time. This work is unique in that it studies a single network
polymer, with a defined chemical structure, and monitors thermal conductivity evolution as a
function of crystallinity. This report provides an exciting demonstration of why cross-linked
networks should not be ignored in the quest for highly thermally conductive polymer systems.

k=039 Wm'K'

k=068 Wm'K"' k=058 WmTK"'

Figure 12| Structures and thermal conductivities of several benzo(bisoxazole)-based two-dimensional
polymers. The thermal conductivities are qualitatively commensurate with more significant degrees of
supramolecular reinforcement by n-r stacking.

16



Materials Horizons

3.3.4 Two-Dimensional Polymers: An emerging approach to create thermally conductive
polymers relies on directly polymerizing single-crystalline systems comprised of multivalent
monomers. The most common approach to this strategy is to produce layered two-dimensional
polymers, sometimes called covalent organic frameworks, that are intrinsically crystalline and
reinforced by non-covalent interactions. For instance, McGrier and coworkers measured
thermal conductivity of benzobisoxazole (BBO)-based two-dimensional polymers (Figure
12).% Using longitudinal steady-state heat flow measurements, the authors showed that three
different BBO-based two-dimensional polymers had isotropically averaged thermal
conductivities of k= 0.375 - 0.677 W m™ K, 0.308 — 0.581 Wm™ K, k=0.196 - 0.391 W
m™! K! between 80 to 300 K. The authors hypothesized that more planar and strongly
reinforced n-m stacking interactions could lead to higher thermal conductivities. A proportional

temperature-dependent conductivity (k o T) was observed for all three BBO-based systems,

which would be inconsistent with a phonon-based model of thermal conductivity. One
challenge with definitively assigning the thermal conductivity mechanisms in this report is that
the materials were studied as polycrystalline pressed pellets. For this reason, it is likely that
domain boundaries, interfaces, and voids between crystallites in these samples all negatively
impacted the thermal conductivity. This also suggests that the measured thermal conductivities
are lower than what may be theoretically possible with higher-quality materials. As advanced
processing methods are developed for two-dimensional polymers to access large single-crystals
or highly uniform films,3 we expect that design rules for high thermal conductivity will
become clear.
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Figure 13| Synthetic approach and resultant thermal conductivities of two different two-dimensional
polymer thin films synthesized atop a templating graphene substrate.
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Synthesizing well-defined thin films of two-dimensional polymers is desirable for reliable
thermal conductivity measurements. Dichtel and coworkers achieved this morphology by
synthesizing two-dimensional polymers directly onto a templating graphene substrate using a
colloidal growth method.?” The two-dimensional polymers produced this way had desirable
characteristics, including high crystallinity, well-ordered alignment, and a smooth surface. This
enabled the reliable characterization of two different materials’ cross-plane thermal
conductivities of k=1.03 £ 0.15 W m! K' and 0.89 + 0.14 W m! K'! by thermoreflectance
techniques (Figure 13). Molecular dynamics simulations revealed that the in-plane thermal
conductivity of single-crystalline two-dimensional polymers could be four times higher than
these experimental values. To date, no direct in-plane thermal conductivity measurements have
been performed on two-dimensional polymers due to the challenges associated with preparing
free-standing two-dimensional polymer films. We encourage other researchers to prioritize
direct measurements of in-plane thermal conductivity as this field develops. The difference in
thermal conductivity between these two two-dimensional polymer systems was attributed to
the smaller unit cell of the more thermally conductive system. Interestingly, the longitudinal
sound speed for both films was determined to be over 1900 m s™'. This value is significantly
higher than other framework-type (e.g., metal-organic framework) materials, which are
conceptually related but are held together through weaker non-covalent interactions. This
suggests that fully covalent dimensional polymers may have uniquely high thermal
conductivity performance compared to these other materials. Moreover, the low-polarizability
of covalent bonds also made these materials function as low-x dielectric materials, which are
often thermally insulating. This highlights how technologically useful multifunctionality
emerges as thermal conductivity is studied in polymer systems. As higher-quality thin films
and more synthetically diverse two-dimensional polymer systems become available, we expect
a rich number of design criteria to achieve high thermal conductivity will become apparent.®
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Figure 14| A. Structure of a multi-layer graphullerene two-dimensional polymer. B. Thermal
conductivity of graphullerite with experimentally measured values in solid circles and thermal
conductivities extracted from simulations shown in empty circles.

As new fully covalent macromolecular structures become available, we expect that ultra-
high thermal conductivities in designed carbon-based materials will be accessed. Roy and
coworkers recently produced a hybrid sp?> and sp* carbon allotrope, graphullerene, by a
chemical vapor transport approach.®” Graphullerene is a two-dimensional polymeric version of
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Cs0, where Cso molecules are covalently interconnected with other homologs in a hexagonal
array to create a graphene-like molecular sheet. The formation of the multi-layer graphullerite
was validated by Raman spectroscopy, depicting the splitting of the Ceo Hg peak into 1420 cm’!
and 1560 cm™ because of the reduced symmetry in the polymerized structure. Transmission
electron microscopy also provided evidence of stacked layers of graphullerene. The
graphullerite material exhibited an enormous increase in experimentally measured time-
domain thermoreflectance thermal conductivity (kK = 2.7 W m™' K') over monomeric Ceo
crystals (Kfulierene = 0.3 W m™ K1) (Figure 14). The formation of intermolecular covalent
linkages with highly rigid and ordered structures are critical attributes for the enhancement of
thermal transport in the polymerized graphullerene. Molecular dynamics simulations were also
performed to probe the thermal transport more deeply, illustrating the higher in-plane
anisotropic thermal conductivity compared to the experimentally determined cross-plane k.
Presumably, the intermediate thermal conductivity that was measured is representative of the
sensitivity of time-domain thermoreflectance to the cross-plane “a” crystallographic direction.
The authors postulated that creating covalent bonds between Cgo units produced multiple
vibrational modes that enhanced the intra- and inter-layer thermal transport. This exciting
report demonstrates that as purely covalent, crystalline polymeric materials become available,
higher thermal conductivities and unique multifunctionalities will also become apparent. We
expect this not only to be true for two-dimensional polymers but for other macromolecular
constructs as well.

4. Challenges with Determining Intrinsic Polymer Thermal Conductivity

Evaluating the thermal conductivity of polymeric systems presents unique challenges.
Unprocessed polymer powders obtained from solution-based synthesis methods are unsuitable
for the nanoscale, direct contact, and spectroscopic thermal transport characterization tools
routinely used to characterize k. This is because nanoscale powder aggregates have ill-defined
void spaces and complex geometries that complicate thermal transport in these systems. As a
result, polymer samples must undergo postsynthetic processing before being measured. This
requirement introduces ambiguities in the mesostructural features, such as the crystallinity and
orientation of processed polymeric materials, which can alter & independent of molecular
structure. For this reason, chemically identical polymer samples may yield different observed
k values depending on the measurement or processing approach, which complicates the
reproducibility of these measurements and makes establishing design principles from data
acquired in separate studies challenging. Thermal conductivity measurements are also sensitive
to minor fractions of residual solvent, unreacted monomers, oligomers, or other contaminants
that can be introduced during synthesis and processing. Studies determining the reliability of
different £ measurement approaches on polymer samples would be a valuable addition to this
area of study. Another postsynthetic complication arises from the fact that many thermal
conductivity measurements (e.g., thermoreflectance measurements or 3w method) require the
deposition of metallic contacts onto the material of interest. It is poorly understood if these
deposition protocols lead to damage, undesirable cross-reactivity, or induce structural changes
with the underlying material. Even if the polymer sample remains unchanged, different metal
contacts will lead to different thermal boundary resistances, which need to be accounted for in
evaluating the heterostructure’s bulk thermal conductivity. Malen, McGaughey and coworkers
recently showed that it is non-trivial to estimate how chemical features influence these thermal
boundary resistances, which suggests that this may also complicate comparisons between
thermal conductivity of different chemical systems or comparisons of identical chemical
systems with different metallic contacts.”
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There are substantial opportunities to explore (and optimize) macromolecular processing
and sample preparation methodologies to achieve accurate and reliable measurements of
polymer thermal conductivity. Special consideration should be given to processing and
fabrication approaches that are agnostic to polymer structure, as these would expedite the
ability to explore and compare many synthetic designs in parallel.

Complicating the goal of defining a polymer’s k further is the reality that polymers have
several structural features that are synthesis dependent. It is currently not well-understood how
macromolecular features such as the molecular weight, dispersity, tacticity, or chain end
identity impact k. Independently isolating how each feature influences thermal conductivity
should be a priority for near-term development. This will require polymer chemists, who
specialize in controlling these features, to interface with experts who characterize these thermal
transport phenomena.

A final consideration for determining the & of different polymers is that different thermal
conductivity measurements are sensitive to different thermal transport directions (Table 1).
Because the internal structures of crystalline polymeric materials can be anisotropic it is
possible that different measurement techniques that are sensitive to different thermal transport
directions can yield different measured k& values on identical materials produced in identical
ways. We expect resolving this anisotropy will most often be accomplished by combining
different measurement techniques or joint simulation-experiment approaches to determine the
directional dependence of thermal transport on a single polymer system. Understanding
thermal transport anisotropy in polymeric systems will open many new opportunities for
directionally guided thermal transport. As more polymer k& measurements are performed,
researchers must diligently work to understand the interaction between macromolecular
structure, polymer processing, and the measurement approach used to evaluate .

We offer the following suggestions for a theoretically optimal polymer thermal conductivity
sample and preparation method. First, we stress that the polymeric material should be robustly
characterized for their molecular weight, dispersity, and covalent structure. These data are often
not made available, which constrains our ability to reach in-depth conclusions about
macromolecular structure on polymer thermal transport. Another primary concern is void space
or interparticle gaps that will lower thermal conductivity and will complicate the
reproducibility of these samples. As such, polymer samples should be annealed
(solvo-)thermally to relax the stress build up during processing. Otherwise, one runs the risk
of evaluating the thermal conductivity of non-equilibrium polymer states. In some instances,
one may seek to interrogate kinetically trapped polymer structures (e.g. drawn polyethylene)
that have minimal voids or interparticle gaps as a function of processing. In these cases,
annealing is not viable, so the density/void space should be characterized and reported. All
thermal conductivity techniques require a robust understanding of the sample dimensions. For
this reason, the thickness of polymer films/fibers/monoliths should be precisely characterized.
Similarly, low roughness samples should be targeted to reduce the error associated with these
measurements. Low roughness surfaces must also be prioritized for thermoreflectance
techniques because light scattering associated with rough samples complicates the
interpretation of these measurements. In all cases, the exact limits to roughness and thickness
resolution will be determined by the sample morphology and measurement configuration. We
provide more information on the techniques used to perform thermal conductivity
measurements below (Table 1).
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Table 1. Techniques used to evaluate thermal conductivities based on either temperature-dependent
optical (thermoreflectance,”™** transient grating’) or electronic (suspended platform,*” °7 transient
hotwire,”® % scanning probe thermometry,?” 1% 3 method!'®! 1) responses. Please see the references

included in this caption to learn more about these tools.

Techniques

1
Thermoreflectometry

kll
v
Polymer 'Signal

Pump

Probe
Transient Grating

Sensor

Heater

k Polymer
(| —
Suspended Platform

Polymer

Sensor

Transient Hot Wire

k L Polymer !
‘ Heater
Scanning Probe
Thermometry

Sensor

Polymer
Sensor

3w-method

Heater and

Heater and

Description

Optoreflectance technique that
measures the temperature-dependent
reflectivity of a metal transducer on a
polymer sample. Can be performed with
a pulsed pump-probe (ps-ps) time-
domain configuration (TDTR) or with a
modulated continuous-wave laser (ns-
ps) in the frequency-domain (FDTR).

Pump-probe pulsed laser technique
used to measure thermal transport
based on a diffraction grating created by
interacting optical pulses. This optical
signal interacts with samples and
generates temperature-dependent
optical characteristics (e.g. refractive
index) at fast timescales (ns-ps).

Steady-state thermal conductivity
measurement, where heat is driven
through a suspended sample placed
between two platforms where an ohmic
heater and a temperature-dependent
conductivity sensor are fabricated.

Thermoresistance method where metal
wire heater/thermometer is suspended
in a sample and heavy side heated to
measure thermal transport at moderate
timescales (ms).

Steady-state method where a scanning
probe is used to draw and drive heat
through a polymer sample, which is
measured by an opposing
thermometer. The nanoscale
dimensions of the probe tip allows for
nanoscale resolution of thermal
transport.

Thermoresistance method where a
metal heater/thermometer is patterned
directly onto a sample and heated
periodically to measure thermal
transport at moderate timescales (ms).

Primary Usage

Used to measure thin (10 nm to
1 micron) film or single-crystal
cross-plane thermal conductivity
or thermal boundary resistances
between layers. Can be readily
adapted to investigate thermal
conductivities with a variety of
stimuli. Sensitive to k.

Must be performed on
suspended thin (few hundred
nanometer) membranes.
Requires that the material be
mechanically robust. Sensitive
to ky.

Generally performed on
suspended thin films but is also
amenable to suspended single-
crystallites or fibers. Typical gap
sizes are on the order of ~10s of
microns. Sensitive to k;.

Used to measure thermal
conductivity of monolithic
polymer samples that can be
fabricated surrounding the wire.
Anisotropy can be measured if
the sample is anisotropic.

Measurements of axial thermal
conductivity in polymer
nano/microfibers and  single
polymer chains. Can also be
used to measure nanoscale
thermal transport in films or
crystallites.

Can be used to measure film
thermal conductivities cross-
plane (by using a film on a
substrate) or in-plane (by using
a suspended membrane).

5. Applications of Intrinsically Thermally Conductive Polymers

Controlling heat transfer is of wide-reaching real-world relevance. Currently, it is
challenging to reliably target thermal conductors with multifunctional properties such as low
electronic conductivity, optical transparency, high mechanical toughness, or straightforward
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processability. The realization of thermally conductive polymers and a deep understanding of
their structure-property relationships will enable their deployment in many applications.

For example, as microprocessor features continue to shrink, managing the thermal burden
produced by their operation becomes paramount. For this reason, the Semiconductor Research
Corporation has identified that thermally conductive materials will be critical in next-
generation microelectronics and advanced packaging technologies. The high processability of
polymeric materials and their ubiquity in current multi-layer semiconductor chips would make
them valuable as thermal transport layers. Moreover, the inherently low electrical conductivity
of polymer systems may enable them to be deployed in modalities (as conformed heat spreaders
or thermal interface materials) that would be prohibitive for metallic thermal conductors. This
raises another exciting possibility of chemical design to reduce interfacial thermal resistance
of polymers with other materials, which is a current challenge in semiconductor chips. As such,
it may not be critical for polymers to host extremely high bulk thermal conductivities to be
technologically useful if they can circumvent limiting interfacial thermal processes. A deeper
understanding of the structure-property relationships for thermally conductive polymers will
accelerate the deployment of these materials in microelectronics.

Photonic devices are also susceptible to thermal management challenges. For example, light
emitting diodes generate heat during their operation. However, increased temperatures modify
the spectral profile and intensity of LED devices.'” Additionally, even modest (10 °C)
increases in temperature during operation can lead to severely decreased lifetimes (2X). Optical
transparent high £ polymer systems may be leveraged to remove heat from the emitting (as well
as the non-emitting) side of the diode to improve the LED performance. Flexible photonic
devices may also benefit from the mechanical compliance of polymer systems. Future efforts
aimed at optimizing the multifunctionality of thermally conductive polymers will uncover the
feasibility of using these materials in photonic devices.

The combination of fast extensional flows and rapid quenching have been shown to generate
bulk materials with alignment among polymer chains in the direction of extension, raising the
promise of industrial polymer processing techniques such as blow molding towards producing
aligned polymeric materials in a variety of geometries.'® However, it is currently not
understood how well bulk materials in these morphologies can exhibit high thermal
conductivity over extended periods of time. For example, at temperatures above Tg, polymer
chains will attempt to adopt randomly coiled conformations, potentially erasing the alignment
that enables high & in polymeric materials. A better understanding of how processing and
chemical design can be synergized would drive the exploration of these applications.

Thermally conductive polymers are not currently used to address real-world thermal
management challenges that require high k. However, the inherent processability,
multifunctionality, and low cost of polymeric materials make them attractive as next-generation
thermal conductors. To achieve high thermal conductivity polymers, it will be necessary to
have uniformly high & within a material because thermal conductivity percolation effects are
limited by the narrow range of thermal conductivity values and high interfacial thermal
resistances between dissimilar materials. This is unlike electronic percolation effects, which
can dominate macroscale behavior due to the large range of observable electrical conductivity
(0) values.!® To realize the promise of these materials will require a more in-depth
understanding of the structure-property relationships needed to enhance thermal conductivity.
Within this goal, it will also be important to understand how these structure-property
relationships interact with other desirable macromolecular optical, electronic, or mechanical
properties. As this understanding matures, it will also become necessary to co-optimize
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chemical design and processing conditions so that thermally conductive polymers can be
produced in many morphologies, which will expand the utility of these materials.

6. Multi-Disciplinary Opportunities in Thermally Conductive Polymers

Based on existing reports it is clear that supramolecular reinforcement, polymer alignment,
and enhanced crystallinity will provide the high phonon velocities, directional thermal
transport pathways, and large phonon mean free paths needed to access thermally conductive
polymeric materials. Systematically uncovering what practical polymer designs can achieve
high thermal conductivity requires deep interactions between chemists, material scientists, and
engineers. Below, we identify opportunities for continued study.

A significant number of polymer systems should be explored to understand the structural
and chemical features that lead to high thermal conductivity. Access to more defined polymer
systems will provide opportunities to explore features such as chemical structure, molecular
weight, dispersity, tacticity, and chain end identity on thermal conductivity. This will require
the synthesis of bespoke polymers by controlled polymerization approaches. Understanding
these relatively simple features will provide important insight as more complex polymer
structures, such as higher-order block polymers or non-linear architectures, are explored.
Simultaneously, new processing methods must be developed in parallel for reliable thermal
conductivity measurements to be obtained. We feel that these studies will feature prevalently
in the coming years.

An understanding of multi-length scale macromolecular structure must be developed for
thermally conductive polymers. Sophisticated experimental characterization of polymer
structure will drive this mechanistic insight. First, we must thoroughly understand the covalent
polymer structures being studied and reported. Carefully characterizing and reporting polymer
features such as molecular weight, dispersity, and chain ends with gel permeation
chromatography, mass spectrometry, and nuclear magnetic resonance will significantly aid in
the development of robust thermal transport models. Next, for research to progress in this area,
researchers must couple an understanding of the covalent structures of polymers to their
mesoscale arrangement using methods such as X-ray diffraction or electron microscopy
measurements to determine their crystallinity and alignment. This will be complemented by
strategies to characterize the phonon structure in these materials, such as by inelastic neutron
spectroscopy. We also note that in many instances characterization and thermal measurements
are performed on different samples. In some cases, the assumption that these two materials are
identical may not be valid. In the future, structurally characterizing the same samples used for
thermal transport measurements should be considered a priority, as a more reliable
understanding of the polymer structure and chemistry will precede reliable thermal
understanding. As this level of insight is achieved, it will become more critical to characterize
thermal transport in multiple directions, often necessitating multiple sample morphologies or
measurement techniques. Comparisons of different measurements of thermal conductivity that
are sensitive to different directionalities will be informative in the context of anisotropic
thermal transport, as has been preliminarily demonstrated for polyethylene and prototypical
two-dimensional polymers.

A deeper mechanistic understanding of thermal conductivity in semi-crystalline polymers
must be developed to engineer multi-functional thermally conductive polymers. As higher-
quality materials and more robust characterization of polymeric thermal conductivity are
achieved, a more reliable mechanistic understanding of thermal transport will naturally emerge.
More comprehensive thermal conductivity measurements — such as those that vary temperature
and sample dimensions — will be essential toward the goal of a mechanistic framework for
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polymer thermal conductivity. Furthermore, we believe that comparing diverse thermal
conductivity measurements, each sensitive to specific directions, will enhance our
understanding of anisotropic thermal transport. This has been demonstrated in initial studies
with polyethylene and common two-dimensional polymers. The poor level of mechanistic
understanding in thermal transport for polymer systems leaves a key question unanswered:
What level of molecular complexity can be embedded into a polymer system while retaining
high thermal conductivity? For example, it may be the case that polyethylene will be an
unmatchable polymeric thermal conductor because it has a chemically homogenous backbone
and no side-chain functionalities, both supporting long-wavelength phonon modes that carry
significant heat. As more mechanistic insight is gained, it may be revealed that only chemically
straightforward polymer systems can host high thermal conductivity, constraining the
orthogonal functionalities one can design in highly thermally conductive systems.

Undeniably, computational modelling will be critical to the efforts of unravelling thermal
transport effects in polymeric systems. If past experiences can predict the future, we expect
that computational approaches to understanding and predicting thermal transport will predate
robust experimentally derived thermal transport models. The development of interatomic
potentials that can account for the multi-variant and anisotropic bonding environments in
polymer systems are already underway and rapidly gaining in complexity. We expect that
continued progress in these areas will inform the target structures that polymer chemists and
thermal conductivity measurement experts target. Another challenge that must be addressed for
semi-crystalline polymer systems, which are likely the most relevant for bulk thermally
conductive materials, is that phonons and other heat carriers must be considered holistically.
This requires methods that can combine the advantages of lattice dynamics-based methods that
give reliable insight into phonon-based transport and molecular dynamics simulations, which
can better tolerate amorphous materials or defective structures. These methods are already
being developed and are rapidly gaining complexity for a variety of materials. We expect their
deployment in the field of polymer thermal transport will greatly accelerate the development
of this field.

Given the multi-dimensional nature of the challenges of designing intrinsically thermally
conductive polymers in both an experimental and computational context, we expect that
advanced machine learning approaches may help unravel the complexity of polymer thermal
transport. Yoshida and coworkers showed how machine learning approaches could be used to
evaluate a variety of reported and measured amorphous polymer thermal conductivities and
develop intricate structure-property relationships.!? In this report, the authors use transfer
learning based on polymer properties that are straightforward to measure accurately (e.g. Tg)
to predict polymer thermal conductivities, which they experimentally validated on a polymer
with modest thermal conductivity (0.4 W m! K!). The authors note that heat transfer is
enhanced in systems they studied with hydrogen-bonding, dipole-dipole interactions, or rigid
covalent backbones, which suggests that design criteria provided by a phonon-based heat
transfer model may be valid even in amorphous systems where the mechanisms of thermal
transport are more complex. Given the large amount of non-thermal conductivity data available
for many polymer systems and the ease at which this information can be obtained,
understanding the correlations between these features would be practically useful. Moreover,
understanding these correlations may also provide crucial information for a mechanistic
framework for thermal conductivity. Critical to furthering this goal will be a robust method to
compare results across different studies in the same material. For this reason, we encourage all
data on polymers (molecular weight, dispersity, infrared spectroscopy, crystallography, etc)
measured for their thermal conductivity to be published alongside the thermal transport
measurements. In the longer term, it would be valuable to create a curated database for thermal

24



Materials Horizons

conductivity studies that allows this information to be directly uploaded and organized for
future investigation. Collaboratively developing insights derived from computational models,
machine learning, and experimental investigation will be critical to producing robust polymer
thermal transport models.

Preliminary observations suggest that polymers can be engineered to host high thermal
conductivities through intentional molecular design and appropriate processing. As the design
rules needed to achieve high thermal conductivity are developed, we expect many
multifunctional thermal conductors to emerge. Multidisciplinary efforts in polymer synthesis
and thermal characterization will drive these design rules. Interactions at the interface of these
disciplines will also generate the mechanistic understanding needed to systematically develop
thermally conductive polymers. As this mechanistic understanding evolves, we suspect that
thermally conductive polymers with various combinations of mechanical, electronic, and
optical properties will be readily accessed. Collectively, thermally conductive polymers are a
unique and underdeveloped materials platform. We eagerly anticipate the realization of
thermally conductive polymers and the potential of their associated devices.
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