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ABSTRACT

Facilitation of Nanoscale Thermal Transport by Hydrogen Bonds

by

Lin Zhang, Doctor of Philosophy
Utah State University, 2017
Major Professor: Dr. Ling Liu
Department: Mechanical and Aerospace Engineering

Advances in nanotechnology and biotechnology bring new challenges in thermal
management and heat removal due to the effects of ultra-small sizes and dimensions,
complicated nature of materials, and various interfacial phenomena, etc. Different from
thermal transport processes at micro/macro scales, nanoscale thermal transport is
significantly subject to boundary and interfacial scattering and highly dependent on
molecular morphology and atomic bonding, which can be controlled by chemical
engineering at interfaces. As a result, rational approaches are required to guide material
design for desirable thermal properties.

Hydrogen bonds are ubiquitous in organic materials. In this study, the role of
hydrogen bonding in thermal transport is studied in three representative material systems
by molecular dynamics simulations. First, beta sheet nanocrystals of spider silk, silkworm
silk, and synthetic silk are investigated with native inter-strand hydrogen bonds. Results

show that thermal transport along beta strands are substantially improved by hydrogen



v
bonds, in association with other effects including primary sequence and geometry size.
Second, the concept of using hydrogen bonds to improve thermal transport is further
extended to nanocrystalline polymer nanofibers. Hydrogen bonds are found to restrict the
torsion of polymer chains, stiffen polymer nanofibers, and increase the group velocity of
acoustic phonons, all of which contribute to enhanced thermal transport. Third, the effect
of hydrogen bonds on interfacial thermal transport is investigated between graphene and
polymers by introducing hydrogen-bond-capable functional groups on graphene. Analyses
show that hydrogen bonds provide an efficient channel to conduct heat across the interface.
Based on these understandings, a hierarchical heat spreader of polymer monolayer is
designed to further enhance interfacial thermal conductance. The physical insights obtained
from these studies are expected to enrich the nanoscale thermal transport theory and
provide rational design guidelines to improve thermal transport properties of various
nanomaterials and structures towards many applications.

(257 pages)



PUBLIC ABSTRACT

Facilitation of Nanoscale Thermal Transport by Hydrogen Bonds

Lin Zhang

Thermal transport performance at the nanoscale and/or of biomaterials is essential
to the success of many new technologies including nanoelectronics, biomedical devices,
and various nanocomposites. Due to complicated microstructures and chemical bonding,
thermal transport process in these materials has not been well understood yet. In terms of
chemical bonding, it is well known that the strength of atomic bonding can significantly
affect thermal transport across materials or across interfaces between materials. Given the
intrinsic high strength of hydrogen bonds, this dissertation explores the role of hydrogen
bonds in nanoscale thermal transport in various materials, and investigates novel material
designs incorporating hydrogen bonds for drastically enhanced thermal conduction.

Molecular dynamics simulation is employed to study thermal transport processes
in three representative hydrogen-bonded materials: (1) crystalline motifs of the spider silk,
silkworm silk and synthetic silk, (2) crystalline polymer nanofibers, and (3) polymer
nanocomposites incorporating graphene or functionalized graphene. Computational and
theoretical investigations demonstrate that hydrogen bonds significantly facilitate thermal
transport in all three material systems. The underlying molecular mechanisms are
systematically investigated. The results will not only contribute new physical insights, but
also provide novel concepts of materials design to improve thermal properties towards a

wide range of applications.
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CHAPTER 1

INTRODUCTION

1.1 Motivations and Problem Statement

1.1.1  Challenges of Thermal Management at the Nanoscale

Nanotechnology has advanced many technologies such as nanoelectronics,
nanocomposites, and biomedical therapies, which have significantly impacted the industry
and the society. These technologies usually require effective and efficient thermal transport
in materials for heat dissipation [1-4]. Due to the recent progress in synthesis, processing,
and characterization techniques, the size of engineering devices and structures continually
decreases down to the nanometer level, and the size of structures is comparable to the mean
free path of phonons. Therefore, many factors that are negligible at larger length scales
emerge to dictate thermal transport processes at the nanoscale. In the past decades,
numerous studies have been carried out to understand the mechanisms of nanoscale thermal
transport and enhance thermal transport by engineering new materials with novel
microstructures and chemistry [5-7]. Despite the significant progress, gaps still exist
between experimental findings and theoretical understanding as well as between the
demand by application and the performance achievable by current techniques. For instance,
thermal transport in biological macromolecular systems including proteins is
underexplored, which is known to affect allosteric communication pathways [8-10].
Another example is the great challenges for heat removal and thermal management in

nanoelectronics due to the constant increase in power and decrease in size. All these
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challenges call for advancements in materials science to improve the understanding of

fundamental physics and to create new concepts of materials design.

1.1.2  Importance of Material Interfaces in Nanoscale Thermal Transport

Heat conduction in solids results from the random motions of energy carriers from
one position of the system to another. These carriers include phonons, electrons, and
photons [11]. In particular, phonons represent quantized energy waves associated with
vibrations of atoms. When the structural size is much larger than the phonon mean free
path (i.e. the average distance that a carrier travels between two successive collisions), the
primary resistance to heat flow results from the scattering of heat carriers, which is defined
as diffusive thermal transport. At the nanoscale, phonon mean free path may be longer than
the size of structural features including interfaces and boundaries. Therefore, scattering
between phonons at material interfaces or boundaries becomes a critical factor that

significantly affects the thermal transport processes [5, 6, 12].

1.1.3  Importance of Interfacial Bonding Strength in Nanoscale Thermal
Transport

This dissertation involves interfaces of the same materials and between dissimilar
materials, all of which dictate nanoscale thermal transport by scattering phonons [5, 6].
The strength of the interfacial bonding plays an important role in determining thermal
transport both parallel to (Fig. 1.1(a)) and perpendicular to (Fig. 1.1(b)) the material

interface.
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Fig. 1.1 Material interfaces. (a) An interface between two molecular chains of the same
material, and (b) an interface between two dissimilar materials.

In the case where heat flow is parallel to the interface (Fig. 1.1(a)), one-dimensional
Frenkel-Kontorova lattice models have been developed to theoretically study the effects of
intrachain and interchain interactions on the thermal conductivities of materials consisting
of multiple identical chains [13-16]. The interchain covalent bonding and nonbonded
interactions are modeled by harmonic springs and on-site potentials, respectively. The
interchain interactions are described by either harmonic springs or the van der Waals
interactions. For the former, the thermal conductivity of a double-chain lattice increases
with the strength of the interchain covalent bonding when the on-site potential is above
10.0 and decreases when the on-site potential is below 5.0 [15]. For the latter, thermal

conductivity increases with the intensity of the interchain van der Waals interactions when
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the dimensionless temperature is below 0.11 [14]. Furthermore, computational and
experimental results have demonstrated that weak van der Waals interactions typically
reduce the thermal conductivity of bundled or layered materials with increased constituting
units. Examples include bundled carbon nanotubes (CNTs) [17], multi-walled CNTs [18],
and few-layer graphene [19, 20]. Moreover, the thermal conductivity of multilayer boron
nanoribbons is found to increase with the number of layers owing to the strong van der
Waals interactions [21]. All these results suggest that stronger interchain or interlayer
interactions can improve thermal conductivities.

In the case where heat flow is perpendicular to the interface (Fig. 1.1(b)), the effect
of interfacial bonding on thermal conductance has been extensively studied by molecular
dynamics simulations, theoretical models, and experiments. These studies range from
gas/solid crystal interfaces [22], liquid/surfactant interfaces [23], solid crystal/solid crystal
interfaces [24], and solid crystal/amorphous polymer interfaces [25], to solid crystal/self-
assembled monolayer/solid crystal interfaces [26, 27]. Interfacial thermal conductance is
found to be approximately linear with the interfacial bonding, which is in agreement with
the findings by experiments [28]. An analytical model with van der Waals interactions
shows that interfacial thermal conductance is proportional to the square of interfacial van
der Waals forces when the strength is weak [29]. As the strength increases further,
interfacial thermal conductance reaches a plateau. All of these simulations and theoretical
studies have demonstrated that stronger interfacial bonding facilitates thermal transport

across the interfaces between dissimilar materials.



Fig. 1.2 Schematic representation of a hydrogen bond (red dashed line).

Studies in both areas indicate that enhancing the strength of molecular interactions
may enhance thermal transport parallel to the interface in bundled materials and across the

interface between dissimilar materials.

1.1.4  Potentials of Hydrogen Bonds to Enhance Nanoscale Thermal Transport

A hydrogen bond is a secondary bond between polar groups resulting from
electrostatic attraction, as shown in Fig. 1.2. It forms between a hydrogen atom (H) which
is bonded to a more electronegative atom, the donor (D), and another nearby highly
electronegative atom, the acceptor (A) [30-32]. A hydrogen bond can be denoted by D—
H...A, where the hyphen represents a covalent bond and the three dots indicates the
hydrogen bond. D and A can be nitrogen (N), oxygen (O), or fluorine (F). The strength of
hydrogen bonds varies from 10 to 100 kJ mol™!, 1~2 orders of magnitude stronger than that
of van der Waals interaction [30, 31, 33].

Hydrogen bonds are a ubiquitous and fundamental element of many materials

including proteins, hydrogels, organic electronics and photovoltaic materials, and DNA
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[34]. In proteins, hydrogen bonds are essential to the formation of secondary structures
including B-sheets and a-helices, without which proteins cannot exist [35]. In hydrogels,
polar groups in the polymer strongly bind water through hydrogen bonds, leading to tough
hydrogels [36]. Hydrogen bonds are also responsible for many other excellent physical
properties of materials. For instance, hydrogen bonds have been shown to play a key role
in determining the extraordinary mechanical properties of spider silk [37].

Hydrogen bonds have the potentials to enhance the existing thermal pathways and
create new ones to conduct heat more efficiently. For example, the thermal conductivity of
a polymer blend of poly(N-acryloyl piperidine) and poly(acrylic acid) was measured to be
1.5 W m™! K!, an order of magnitude higher than that of the constituting polymers [38].
Another example is that o-helices of more hydrogen bonds have higher thermal diffusivity
[39, 40]. Since hydrogen bonds are stronger than the van der Waals interactions, we
hypothesized that properly engineered hydrogen bonds can drastically improve thermal

transport both parallel to and perpendicular to interfaces.

1.2 Material Systems Studied in This Dissertation

Three representative material systems are studied in this dissertation to verify
whether or not hydrogen bonds facilitate thermal transport in nanostructures and across
material interface and to quantitatively reveal the role of hydrogen bonds in nanoscale
thermal transport. These materials are crystalline units in silk proteins, nanocrystalline
polymer nanofibers, and graphene/polymer nanocomposites. In the first two cases,

materials are crystalline and composed of bundles of individual strands or chains, and
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thermal energy transports parallel to the interfaces (boundaries). The last one consists of

mechanically dissimilar materials, where heat conducts across the interfaces.

1.2.1  Nanocrystals of Silk Materials

Spider silk, an ancient fibrous biomaterial over several million years of evolution,
has attracted substantial attention in the past decade due to its extraordinary mechanical
properties including large extensibility and high stiffness, strength, and toughness [41-44].
These properties, along with the inherent biocompatibility, have made spider silk a
versatile material with enormous potential for aerospace, biological, and medical
applications [45]. For thermal conductivity, dragline silk of Nephila clavipes was first
measured up to 151~416 W m™' K'!, comparable to that of copper [46]. However, the value
was measured to be 1.23 W m™ K! with the same experimental setup except for an
improved heat transfer model and a higher vacuum level [47]. Despite the discrepancy, the
measured thermal conductivities of the spider silk are at least more than four times that of
other proteins including myoglobin and the green fluorescent protein [48] (Fig. 1.3),

making it promising for various applications.
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Fig. 1.3 Thermal conductivities of several biomaterials [46, 47, 49, 51]. The data of
Dragline' is from [46], and that of Dragline? from [47].
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Fig. 1.4 The hierarchical structures of (a) spider silk and (b) silkworm cocoon silk. Each
dragline spider silk has (c) a skin-core structure at the macroscopic level. In each thread of
the B. mori silkworm cocoon, (d) twin filaments are coated by glue-like sericins. Both of
the spidroin and fibroin fibrils have similar () microscopic structures, where (f) numerous
B-sheet nanocrystals are embedded in a semi-amorphous matrix.

In contrast, thermal conduction in silkworm silk is less efficient and as low as 0.54
W m™ K! [49], and silkworm silk-based textiles have been used as a thermal insulator for
thousands of years [50]. It is striking that spider and silkworm silks (shown in Fig. 1.3),
both spun by arthropods, have such different thermal conducting capabilities which must
be attributable to the distinctions in microstructures.

Fig. 1.4 shows that the proteins of spider and silkworm silks have similar
hierarchical structures, where [B-sheets are embedded in a semi-amorphous matrix of
helices and B-turns [52, 53]. The B-sheets are composed of multiple aligned polypeptide
strands, interlocked by hydrogen bonds, and are believed to underpin the silk’s exceptional
mechanical properties [37, 42, 54] including large extensibility and high stiffness, strength,
and toughness [41-44]. Compared with 3-sheets, the amorphous phase is characterized by
more phonon scattering and shorter mean free path of phonons, which are expected to

reduce thermal conductivities significantly [55]. Furthermore, according to the relationship
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between thermal conductivity and elasticity (i.e. k~vE where E is the Young’s modulus,
and k is the thermal conductivity) [46], it is straightforward to expect that B-sheet crystals
are good thermal conductors in view of their high elastic moduli. As a result, this study
focuses on the [B-sheets nanocrystals, and amorphous phase are not studied in this
dissertation.

Regarding the protein sequence of -sheets, the dragline silk of the Nephila clavipes
spider has abundant poly-Alanine repeats while the cocoon silk from the Bombyx mori
silkworm features poly-(Glycine-Alanine) repeats [52, 53]. Such a difference in the protein
sequence has been found responsible for the distinct mechanical properties of different [3-
sheets [56]. Nevertheless, how thermal conduction is affected by the protein sequence
remains unknown.

Many techniques have been developed to produce silk materials with desirable
primary sequences. With genetic recombination, synthetic fibers were produced with the
recombinant spider silk proteins extracted from E. coli, yeast, tobacco, and even goat’s
milk [57, 58]. Manipulation of protein sequences enables the control of the proportion of
secondary structures and hence material properties. However, it is unknown how heat flow
in the B-sheets of silk proteins is affected by the side groups of different types of amino
acids. Understanding the underlying mechanisms will not only provide insights into the
thermal behavior of natural spider silk and other biomaterials but also may guide a rational
design of synthetic silk [59-61] to achieve tunable thermal properties for a wide range of

applications.
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Fig. 1.5 Thermal conductivities of several polymers [64-68]. D is the diameter. The draw
ratio of hot stretched nylon 11 and PE nanofiber is 1.5 and 410, respectively [67, 68].

1.2.2  Crystalline Polymer Nanofibers

Polymers are key materials in many engineering technologies for their low mass
density, high corrosion resistance, excellent manufacturability, and low costs [62]. Despite
many advantages, the material suffers from an apparent bottleneck. Bulk polymers are
thermal insulators and have low thermal conductivities on the order of 0.1-0.5 W m™ K'!
[63] (Fig. 1.5). The low thermal conductivity makes polymers inferior to metals and
ceramics for applications where fast heat dissipation is essential.

The morphology of polymers significantly affects their thermal transport properties.
Polymers can be amorphous (Fig. 1.6a), crystalline (Fig. 1.6b), or semi-crystalline,
depending on the nature of polymer and process. As the molecular weight and type of
monomers increase, bulk polymers are usually semi-crystalline where the crystalline units
are embedded in the amorphous regions. Molecular chains in the amorphous region are

randomly oriented and entangled, while those of crystalline region are well aligned.
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(

Fig. 1.6 Schematic representation of (a) amorphous polymer, (b) aligned polymer nanofiber,
and (c) single extended polymer chain.

Moreover, bulk polymers feature plenty of defects including the ends of molecular chains,
vacancies, branched chains, and impurities. The random coils, molecular entanglement,
and defects significantly scatter phonons in the bulk polymers and shorten the mean free
path of heat carrier, phonons, resulting in low thermal conductivities.

Contrary to common wisdom, the thermal conductivity of single polyethylene
chains can be larger than 350 W m™ K-! [66]. This drastic difference underscores the
significance of molecular morphology on the thermal conductivities. For single polymer
chains, non-straight morphology including waviness and torsion is known to affect the
conduction along the chain negatively [69]. The scattering caused by the waviness and
torsion can be significantly suppressed in single extended polymer chains (Fig. 1.6c).
Therefore, aligning polymer chains by mechanical stretching becomes a promising method
to improve the thermal conductivity of polymers. For hot-stretched nanofibers [67] or the
crystalline nanofibers formed by other processing techniques [68], the amorphous regions

and defects are reduced drastically. An ultra-drawn polyethylene nanofiber can have a high
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thermal conductivity of 104 W m™! K*!, mainly due to the enhanced phonon transport in
mechanically aligned polymer chains [70]. With the draw ratio of 1.5, the thermal
conductivity of nylon 11 nanofibers can be 4.4 times that of the as-spun counterpart [67].
Molecular dynamics simulations demonstrated that the thermal conductivity of an
amorphous polymer could be increased by ~500% with a tensile strain of 100% [55]. The
ultimate solution to generate aligned polymer chains is to produce single-crystal polymers.
Novel topochemical polymerization reaction has been developed to produce high-quality,
large-size polymer single crystals [71]. The advancements have made it compelling to
design single-crystal polymers.

When multiple aligned chains form a nanofiber or bulk material, the strength of the
interchain interaction becomes a critical factor. A three-dimensional polyethylene
nanofiber has a thermal conductivity of 50 W m! K-! [72], much lower than that of single
extended polymer chains, mainly due to the weak van der Waals interactions between the
aligned polymer chains. Stronger than van der Waals interaction, hydrogen bonds are
advantageous to improve the thermal conductivity of an amorphous polymer blend up to
1.5 W m'! K!, an order of magnitude higher than that of its constituting polymers, 0.19
and 0.22 W m! K! [38].

Hydrogen bonds are promising to improve the thermal conductivity of aligned
polymer fibers. Polymer molecules must possess enormous hydrogen bond donors and
acceptors for a lot of interchain hydrogen bonds. Despite this, the design is flexible since
hydrogen bond-capable moieties (donors or acceptors) exist in many synthetic polymers

such as nylons, PMMA, and the poly-(acrylic acid). However, it deserves noting that,
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changes in the molecular monomers for hydrogen bonding by introducing other atoms into
the polymers may induce new mechanisms scattering the heat conducting phonons. The
competition between hydrogen-bond-enabled enhancement and the increased phonon
scattering must be well understood and balanced to maximize the thermal transport
properties. The optimal designs involve the selection of hydrogen bond-capable moieties
at controlled densities to systematically study the effects of the type and density of

hydrogen bonds in the thermal transport processes.

1.2.3  Carbon/Polymer Nanocomposites

Another way to improve the thermal conductivity of polymers is introducing
materials of high thermal conductivities such as graphene [73] and carbon nanotube [3] to
make nanocomposites. However, the enhancement of thermal conductivity including the
carbon materials is not as expected, lower than the prediction by the effective medium
theory [74, 75] (Fig. 1.7). Despite the high thermal conductivities of graphene (~5000 W
m™ K!) and nanotubes (2000~6600 W m' K) [76, 77], the graphene/polymer and
nanotube/polymer interfaces feature low thermal conductance of 60 and 12 MW m™ K'!
[74, 78]. At the interfaces, heat flow is inhibited due to the weak interfacial interactions.
To this end, enormous efforts have been made on grafting graphene with polymer chains

[79] and tailoring phonon modes with functionalization [80].
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Fig. 1.7 Thermal conductivities of amorphous polymers, carbon-based nanomaterials, and
their composites [51, 64, 76, 77, 81-86].
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hydrogen bonds providing additional thermal pathways. (f) A hierarchical heat spreader
combining (b) and (c).

Hydrogen bond
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At pristine graphene/PMMA interface (Fig. 1.8(a)), heat is conducted via the
interfacial van der Waals interaction (Fig. 1.8(d)). The weak strength of the van der Waals
interaction makes the conduction inefficient. To increase the coupling between the
graphene and the polymer matrix, polymer chains (Fig. 1.8(b)) [79] and functionalize
groups [80] have been introduced to the graphene surfaces. These polymer chains and
functional groups are covalently bonded to the graphene, serving as “bridges” between the
polymer matrix and the graphene nanofillers to improve thermal conduction. The
morphology of the polymer chains can be straight or randomly coiled, depending on the
length, density, and stiffness of the chains.

Recent advances in chemical functionalization provide an additional stimulus to
extend the applications of low-dimensional materials including carbon nanotubes [87] and
graphene [88]. This study aimed to verify whether hydrogen bonds can facilitate the
thermal transport perpendicular to material interfaces (Fig. 1.8(c)) by creating new
pathways (Fig. 1.8(e)). Furthermore, a hierarchical design illustrated in Fig. 1.8 (f) was
proposed to combine the concepts of polymer-grafted graphene (Fig. 1.8 (b)) and
hydrogen-bonded interface (Fig. 1.8(c)). There are several parameters including the chain

morphology and density of hydrogen bonds explored for the desired thermal properties.

1.3 Outline of Dissertation

This dissertation is organized by a multi-paper format. Each of the following
chapters has been published in a journal or submitted as a research paper. References are
placed at the end of each chapter, and supporting materials for all chapters can be found at

the end of the dissertation.
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The remaining portion of this dissertation is organized as follows. Chapter 2 [89]
investigates how hydrogen bonding affects thermal transport in beta sheet nanocrystals of
spider silk. The effect of amino acid sequence on the thermal conductivity of beta sheet
nanocrystals in silkworm silk, spider silk, and synthetic silk is described in Chapter 3 [90].
In Chapter 4 [91], we explore the role of hydrogen bonds in thermal transport in nylon
nanofibers along the chain direction and the effect of hydrogen bond density. Chapter 5
[92] focuses on how hydrogen bonds influence interfacial thermal transport between
graphene and the PMMA matrix. Chapter 6 demonstrates the effect of the morphology of
polymer chains grafted onto graphene on interfacial thermal transport in polymer
nanocomposites. A hierarchical design to enhance interfacial thermal transport is proposed

and verified in Chapter 7. Finally, conclusions and future studies are described in Chapter

8.
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CHAPTER 2
HYDROGEN BONDING-ASSISTED THERMAL CONDUCTION IN B-SHEET

CRYSTALS OF SPIDER SILK PROTEIN

2.1 Abstract

Using atomistic simulations, we demonstrate that B-sheet, an essential component
of spider silk protein, has a thermal conductivity 1-2 orders of magnitude higher than that
of some other protein structures reported in the literature. In contrast to several other
nanostructured materials of similar bundled/layered structures (e.g. few-layer graphene and
bundled carbon nanotubes), the B-sheet is found to uniquely feature enhanced thermal
conductivity with increased number of constituting units, i.e. B-strands. Phonon analysis
identifies inter-B-strand hydrogen bonding as the main contributor to the intriguing
phenomena, which prominently influences the state of phonons in both low- and high-
frequency regimes. A thermal resistance model further verifies the critical role of hydrogen

bonding in the thermal conduction through the 3-sheet structures.

2.2 Introduction

Spider silk has been a focus of intense research in the past decade due to its
extraordinary mechanical properties including large extensibility and high stiffness,
strength, and toughness.!* These properties, along with the inherent biocompatibility, have

made spider silk a versatile material with enormous potential for many space, biological,

Zhang, L., Chen, T., Ban, H. and Liu, L., 2014. Hydrogen bonding-assisted
thermal conduction in B-sheet crystals of spider silk protein. Nanoscale, 6(14), pp.7786-
7791.
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and medical applications.’ Recently, another striking property of spider silk was discovered.
The thermal conductivity of Nephila clavipes dragline silk was measured up to 416 Wm~
'K-!, comparable to that of copper.® Despite the experimental progress, fundamental
understanding of the thermal transport process in spider silk is still lacking. Although
thermal analysis has been performed on several other proteins including myoglobin and
green fluorescent protein,’ spider silk needs to be investigated separately due to its unique
microstructure and protein sequence. Improved understanding of these fundamental issues
will not only provide insights into the thermal behavior of natural spider silk but may also
guide a rational design of synthetic spider silk,®® which has become increasingly important
to enable the scalable production of materials with spider silk-like properties.

In terms of the protein sequence, spider dragline silk such as Nephila clavipes
dragline features abundant B-sheet motifs (e.g. poly-A'?) that are believed to underpin the
silk’s exceptional mechanical properties.> !!- 12 As illustrated in Figure 2.1(a-c), these [3-
sheet motifs form numerous B-sheet crystal units embedded in an amorphous matrix
consisting of 31 helices and B-turns (formed by other motifs including GGX and
GPGXX).!* 4 Each of these B-sheet units comprises multiple B-strands interlocked by
hydrogen bonding, leading to high elastic modulus ~20 GPa.!! Due to the intimate
relationship between thermal conductivity and elasticity (i.e. x~+E where E is Young’s
modulus and « is thermal conductivity),® it is straightforward to hypothesize that B-sheet
crystals are good thermal conductors. Hence, as the first step to understand thermal
transport phenomena in spider silk, this work will be focused on the B-sheet portion of

spider silk protein.
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Heat Sink L Heat Source Heat Sink

' ' (d)

Figure 2.1. Dragline from the (a) Nephila clavipes orb web comprises numerous (b) -
sheet crystal units embedded in an amorphous matrix. (¢) Each B-sheet unit consists of [3-
strands interlocked by hydrogen bonding. (d) For calculating thermal conductivity in -
sheets, a non-equilibrium MD system was employed in which heat flow was generated
from the heat source (red region) to the heat sink (blue regions). L denotes the characteristic
length of the model.

Theoretically, as phonons propagate through a B-sheet crystal unit, neighboring [3-
strands are bound to mechanically interact, scattering or synchronizing the phonon
transport process depending on the strength of the inter-strand interactions.'> Similar
processes have been explored for several other nanostructured materials with similar
bundled/layered structures, including bundled carbon nanotubes (CNTs),!® multi-walled
CNTs,!” and few-layer graphene.'® ' Due to the weak van der Waals interactions between
constituting units, thermal conductivities of these materials were found to decrease as the
number of constituting units increases. In other words, the bundled or multi-layered
architecture contributes negatively to these materials’ thermal properties. Conversely,
strong covalent bonding is found to enhance the thermal conductivity of SiC nanowires; as

the cross-sectional area of the nanowire increases, thermal conductivity increases.?” Since
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the strength of hydrogen bonding is between those of van der Waals and covalent bonding,
it is unknown whether the bundling of B-strands contributes positively or negatively to the

thermal conduction through -sheet protein.

2.3 Models

In order to quantify the thermal conductivity and to reveal the bundling effects, we
performed thermal analysis on several atomistic models of the B-sheet protein. Figure 2.1(d)
illustrates the model of an anti-parallel B-sheet comprising five B-strands, each having 16
alanine residues. We focused this study on poly-alanine B-sheets because it predominantly
exists in the Nephila clavipes dragline silk as the B-sheet crystal units.!>?! For a systematic
study, models with different sizes were considered. They are named as An-m-1 where n is
the number of alanine residues in one B-strand, and m is the number of B-strands; “1”” means
the B-sheet structures considered in this study are B-sheet monolayers. Figure 2.2(a)
illustrates the atomistic structure of all-alanine B-sheet protein in two configurations (i.e.
parallel and anti-parallel) and both configurations were considered in this study. Each of
the alanine residues is shown to comprise three backbone atoms (-N-C,-C-) and several
side chains/atoms including a methyl group (denoted by R), an oxygen atom, a hydrogen
atom (denoted by H) bonded to a nitrogen atom, and another hydrogen atom (denoted by
HA) bonded to the o-carbon atom (Cg). The parallel and anti-parallel configurations
feature different pairings of side chains/atoms in neighboring 3-strands to form hydrogen
bonding. To eliminate phonon-boundary scattering, periodic boundary conditions were

applied along all three directions. The unit cell was set to be large enough (40 nm) along
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the y- and z-directions to prevent periodic images of the -sheet from interacting with each

other in these directions.

2.4 Results and Discussion

Figure 2.2(b) plots the thermal conductivities (denoted by &) calculated for ten [B-
sheets that are composed of the same B-strands having 16 alanine residues. Despite having
the same constituting units, these B-sheets differ in the number of B-strands and the
configuration of atomistic arrangement (i.e. A16-m-1, where m =1, 3, 5, 7, and 9, in the
parallel and anti-parallel configurations, respectively). In both configurations, the thermal
properties show prominent width/bundling effects. As m is increased from 1 to 9, thermal
conductivity is increased from 1.85 to 4.09 Wm™'K™! for parallel B-sheets; and is increased
from 1.85 to 4.30 Wm™'K'! for anti-parallel B-sheets. In either case, a plateau is expected
when m becomes sufficiently large.

These results are striking for two reasons. First, the calculated thermal
conductivities of spider silk [-sheets are 1-2 orders of magnitude higher than those
previously reported for other protein structures (e.g. < 0.3 Wm'K'! for both green
fluorescent protein and myoglobin’). It is important to note that, the referenced calculations
for both green fluorescent protein and myoglobin’ considered free boundary conditions,
while the present work considered periodical boundary conditions and an energy exchange
algorithm?®? under the Muller-Plathe framework.?* 2% It is known that boundary conditions
can influence thermal conductivities. However, since both the free boundary conditions
and the energy exchange could scatter phonon transport, they are not expected to affect the

conclusion significantly.
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Figure 2.2. (a) Two configurations of hydrogen bonding (red lines) in B-sheet protein
where each R represents a side chain. (b) Thermal conductivity versus the number of -
strands. Error bars denote standard deviations of conductivity. (c) Phonon DOS profiles of
two anti-parallel B-sheet structures. (d) Partial phonon DOS projected on H atoms
(hydrogen atoms bonded to nitrogen atoms) and HA atoms (hydrogen atoms bonded to o-
carbon atoms) for A16-1-1. (e) Partial phonon DOS projected on backbone atoms for two
anti-parallel B-sheets. Inset plots the phonon spectra from 60 to 120 THz. (f) Phonon DOS

profiles for edge and interior B-strands. (g) Phonon DOS profiles for parallel and anti-
parallel A16-5-1 B-sheets.

Second, while the bundling of B-strands is shown to increase thermal conductivity,
many nanomaterials with similar structures (e.g. bundled CNTs and few-layer graphene)
have exhibited the opposite trend. For example, the thermal conductivity of four-layer
graphene is 53.6% lower than that of the two-layer graphene'® and about 75% lower than
that of the monolayer graphene.?

These distinctions in thermal transport characteristics must be related to

microstructural differences. Comparing the molecular structures of B-sheets and other

comparable nanomaterials, we note that the B-sheet is uniquely composed of hydrogen-
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bonded repetitive constituting units (B-strands). Further investigation suggests that, the
hydrogen bonding between neighboring 3-strands influences the phonon states in B-sheets
in both low- and high-frequency regimes. Figure 2.2(c) plots the phonon DOS for the anti-
parallel A16-1-1 and A16-5-1 B-sheets. In the high-frequency end, the phonon mode at
101.2 THz in A16-1-1 is partially shifted to 100.8 THz in A16-5-1 [right inset of Figure
2.2(c)]. According to a partial DOS analysis [Figure 2.2(d)], the phonon mode at 101.2
THz in A16-1-1 corresponds to the vibration of H atoms which are important constituent
elements of B-sheet hydrogen bonds. Such side chains/atoms, as demonstrated by previous
studies on the thermal transport in chemically functionalized graphene®® and CNTs?” 28,
should reduce thermal conductivity by localizing high-frequency phonons® that may
further scatter the low-frequency phonon transport in the backbone structures. Can the
formation of hydrogen bonding in B-sheets delocalize the trapped high-frequency phonons
and contribute directly to the enhancement of thermal conductivity in bundled B-strands?
Based on the frequency shift from 101.2 to 100.8 THz as demonstrated in the phonon DOS
analysis, it is only evident that the inter-f-strand hydrogen bonding slightly lowers the
frequency of phonons localized in the -N-H side chains. The hydrogen bonding is, however,
not strong enough to significantly delocalize the trapped high-frequency phonons.

A more significant effect of hydrogen bonding on the thermal transport through the
spider silk B-sheet protein is in the low-frequency regime. As shown in the left inset of
Figure 2.2(c), the phonon spectrum for A16-5-1 shows an apparent “blue shift” in the low-
frequency regime compared with that of A16-1-1. The frequencies of the first few phonon

modes are found to increase from 0.4, 3.0 and 4.7 THz (A16-1-1) to 1.2, 3.6 and 5.2 THz
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(A16-5-1), respectively. Moreover, the density of phonon at 5.2 THz is significantly
increased, leading to a broadened band extending from 0 to 6.0 THz. According to the
partial phonon DOS projected on only backbone atoms [Figure 2.2(e)], these low-
frequency phonon modes correspond to backbone vibrations. This “blue shift” in bundled
B-strands is driven by the formation of hydrogen bonding. Similar to cytoskeletal actin
bundles,* the B-sheet is mechanically strengthened by hydrogen bonding; the numerous
inter-strand hydrogen bonds play a positive role in resisting relative motion between
neighboring B-strands, thus improving the overall stiffness of the bundled structure and
enhancing the phonon frequency in the low-frequency regime. With the blue-shifted,
broadened low-frequency phonon modes, phonons are given more ability to carry heat and
overcome on-site potentials'> 3! 32 thus facilitating thermal conduction.

To further illustrate the effects of hydrogen bonding on phonon transport, we divide
all B-strands in a B-sheet into two groups, i.e. edge and interior strands [the inset of Figure
2.2(f)]. Compared with the edge B-strands, interior B-strands are more hydrogen-bonded
and therefore should exhibit different thermal transport characteristics. Phonon DOS
[Figure 2.2(f)] shows that interior B-strands have a blue shift in the low-frequency regime
and a slightly lowered frequency in the high-frequency regime at around 101.2 THz. These
trends are consistent with those identified when comparing a 3-sheet (hydrogen- bonded)
with an individual B-strand (not hydrogen-bonded).

All thermal transport mechanisms discussed above are analyzed for anti-parallel 3-
sheets because they are more abundant in spider dragline silk.?! Parallel B-sheets should

have similar thermal transport mechanisms because their phonon DOS profiles are very
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similar to those of their anti-parallel counterparts [Figure 2.2(g)]. Despite the similarity,
some differences can still be identified. Compared with the anti-parallel A16-5-1 B-sheet,
the parallel A16-5-1 shows an increased phonon density at 88.6 THz and a decreased
phonon density at 100.8 THz. According to partial phonon DOS analysis [Figure 2.2(d)],
the former frequency corresponds to the vibration of HA atoms and the latter corresponds
to that of H atoms. Different from their counterparts in the anti-parallel -sheet, HA atoms
in the parallel configuration can partially serve as hydrogen bonding donors. This
bifurcated hydrogen bonding®? in parallel B-sheets weakens the inter-strand interaction thus

reducing the thermal conductivity [Figure 2.2(b)].

= Intra-strand Covalent Bonding
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Figure 2.3. Thermal conductivities of anti-parallel 16-alanine B-sheets predicted by a
thermal resistance model (black curve) and extracted from MD simulation (red squares).
The curve converges to an upper limit of 4.86 Wm'K™! (dash line). A schematic of the
thermal resistance model is shown in the inset. Effective thermal resistances of each edge
and interior strands are denoted by 61 and 6>, respectively.
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The width/bundling effects on the thermal conduction in [B-sheets are further
rationalized by using a simple theoretical model. Structurally, the [-sheet under
investigation is equivalent to a network of alanine residues connected by intra-strand
covalent bonds and inter-strand hydrogen bonds (inset of Figure 2.3). It is apparent that the
two edge -strands (cyan) are less hydrogen-bonded than the interior B-strands (blue). We,
therefore, hypothesize that the edge and interior B-strands have different equivalent thermal
resistances (i.e. Gedge and Bhnterior, respectively) due to the critical role of hydrogen bonding
in facilitating thermal conduction. The effective thermal resistance of the B-sheet ( 6etr) can
, where m is the total number of 3-

be evaluated by 1 /¢9e =2/ aedge +(m—2)/6,

ff nterior

strands. With the relationship 8 =L /(x-A) where L and A denote the length and cross-
sectional area of a thermal conducting material, the effective thermal conductivity of the

+ (m-2)x.

interior ?

B-sheet, xefr, can be derived as m k ,; = 2K where Aedge and

edge
Kinterior denote the thermal conductivities of each single edge and interior [B-strand,
respectively. With this equation, Aedge and Kinterior can be fitted by any two known thermal
conductivity values for B-sheets of different widths. Using the thermal conductivities of
anti-parallel A16-3-1 and A16-5-1 B-sheets, Kedge and Kinterior are solved to be 2.25 and 4.86
Wm'K!, respectively. The thermal conductivities of A16-7-1 and A16-9-1 B-sheets are

then predicted to be 4.11 and 4.28 Wm™'K'! (Figure 2.3), respectively, with negligible

errors (< 1%) compared with the results extracted directly from simulations.
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Figure 2.4. Thermal conductivity versus length for individual poly-A [-strands.
Simulation results are fitted by a function with two parameters, &, . and L. The fitted

curve converges to 9.60 Wm™'K™! (dash line). The inset plots the nonlinear relation between
the inverse of thermal conductivity and the inverse of length.

As the number of B-strands further increases, the thermal conductivity of B-sheets
converges to that of the interior strand, Anterior, Which represents a 163% increase with
respect to that of the individual B-strand. It is important to note that, although the present
example is for anti-parallel A16-m-1 B-sheets, the theoretical model applies for other cases
with different lengths, sequences, and hydrogen bonding arrangements.

In addition to width, the thermal conductivity of B-sheets also depends on length
(or the number of amino acids in one 3-strand). To illustrate the length effect, we consider
five B-strands with 8, 16, 32, 64, and 128 alanine residues, respectively. According to
Figure 2.4, thermal conductivity increases nonlinearly with the length. Since low-
frequency phonons travel several orders of magnitude longer than high-frequency phonons
in B-sheets, the Matthiessen rule ** which assumes a single mean free path for all phonons

does not apply (see the inset of Figure 2.4, where 1/x is shown to be nonlinear with 1/L).
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HEy 35 4 quantify length effect and to understand

Alternatively, we apply K, =k, _(I—e
the transition from ballistic to diffusive phonon transport. In the equation, L is the length

of the B-sheet, , _ is the thermal conductivity when L is infinitely large, and Lc is the

characteristic length of ballistic-to-diffusive transition. By further defining Lo.9o as the

effective mean free path for diffusive transport, i.e. x |, =0.99« _, we calculate , _

and Lyg to be 9.60 Wm'K™! and 14.91 nm, respectively, for the all-alanine B-strand.

Combined with the width effects, long and wide B-sheets are predicted to have large
thermal conductivities (> 20 Wm™'K™! by estimation).

Finally, there are several points that deserve mentioning about the present study.
First, this work was focused on single-layer [B-sheets to probe the intriguing role of
hydrogen bonds. In natural and synthetic spider silk, however, B-sheets usually self-
assemble into multi-layered structures [Figure 2.1(b-c)]. Without hydrogen bonds between
the neighboring layers in multi-layered B-sheet structures, the inter-sheet interaction will
decrease the thermal conductivity (similar to the change from graphene to graphite). For
demonstration, a series of computation has been performed for A16-7-p B-sheets (p =1, 3,
5,7, 9) where p denotes the number of B-sheet layers. As p increases from 1 to 9, thermal
conductivity drops from 4.2 Wm™'K™! to about 4.0 Wm™'K"!, due to the phonon scattering
caused by neighboring layers. Second, it is important to note that the thermal conductivity
computed for B-sheets is an order of magnitude lower than that experimentally measured

for spider silk. Since spider silk is a complex material that consists of many different
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proteins and skin materials, more research efforts are required to achieve a full

understanding of the material system.

2.5 Conclusions

To summarize, the -sheet protein of spider dragline silk is found to have thermal
conductivities 1-2 orders of magnitude higher than those of other proteins. The associated
thermal conduction characteristics are highly size-dependent. When the length and width
of the B-sheet protein is increased, thermal conductivity increases no matter how f3-strands
are arranged (parallel or anti-parallel). Although the layered/bundled architecture has been
previously shown to adversely affect thermal conduction in bundled CNTs and few-layer
graphene,'>! we find that the formation of B-sheets from B-strands has the effect of
increasing thermal conduction. Phonon DOS analysis identifies inter-strand hydrogen
bonding as the main contributor to these intriguing phenomena, which enhances thermal
conduction by blue-shifting phonon frequency in the low-frequency regime. The critical
role of inter-strand hydrogen bonding is further verified by a thermal resistance model.
Indeed, these results echo several previous investigations which underscore the importance
of inter-strand or inter-layer interactions in determining the thermal properties of materials
of similar structures.!> 3¢ The present study is expected to provide theoretical insights into
the thermal transport mechanisms in spider silk protein, and to stimulate future designing

efforts to engineer innovative spider silk-inspired materials.



38

2.6 Methods

2.6.1 Calculation of Thermal Conductivity

The reverse non-equilibrium molecular dynamics method developed by Muller-
Plathe?* * was employed to calculate thermal conductivity. This algorithm requires that
the system contains two copies of the model to be analyzed. The model and its image were
positioned in the system so that they were physically connected and symmetric about their
center along the direction of the intended heat flow (x-direction in this study). The entire
system was divided into N slabs along the x direction (N = 32 for this work). A heat flux
was then numerically generated from a “hot” region [i.e. “heat source” in Figure 2.1(d)] to
a “cold region” (i.e. “heat sink™). Specifically, at a prescribed frequency, we exchanged
energy between the “hottest” atom (with the highest kinetic energy) in the first slab and the
“coldest” atom (with the lowest kinetic energy) in the (N/2+1)th slab, based on a virtual
elastic collision algorithm.?? By this method, energy and momentum were both conserved
during the energy exchange, even when two particles of different masses were considered.
Continued energy exchange caused a higher temperature in the (N/2+1)th slab than that in
the first slab, thus leading to a temperature gradient and heat flux in the system [e.g. red
arrows in Figure 2.1(d)]. The induced heat flux was evaluated by J = AE /2tA, where ¢ is
the time interval between two energy exchanges, AEis the averaged kinetic energy
transferred per energy exchange, 4 is the cross-sectional area of the material, and the
coefficient “2” reflects the two symmetric heat transport paths from the hot slab to the cold

slab. The approach adopted by us to determine A can be found in Section A3 in SI. Finally,

by Fourier’s law, thermal conductivity was calculated by K=/ / % , where ”f—,; was the
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temperature gradient along the x-direction. A representative 7-x curve for the A16-7-1 -

sheet can be found in Section A4 in SI, along with a description of the approach to find

%. Due to the symmetric nature of the system, the characteristic length, L, of the model

equals to half the system length.

2.6.2  Phonon Density of States Analysis
Phonon density of states (DOS) was calculated to further unveil thermal transport
mechanisms. Fourier transformation of velocity autocorrelation function (VAF) was

calculated for all/selected atoms following the equation:

<<V<f)'4v(0>>dt @.1)

e
PO o)

Where ,da) is the DOS with the angular frequency o , ‘/(t) is atomic velocity,

and <=> denotes an average over the selected atoms.

2.6.3 Simulation Details

All simulations in this study were performed using LAMMPS.?” CHARMM?22
force field®® was employed to describe interatomic interactions. Particle-particle particle-
mesh method (PPPM) was adopted to address long range Coulomb’s interactions with a
root mean square accuracy of 10, Nosé-Hoover thermostat was employed to maintain
system temperature at desired values. Time step was set to be 1 fs. Prior to each simulation
for obtaining thermal conductivity, the initial molecular structure was relaxed by
minimization with the conjugate gradient method, followed by molecular dynamics

equilibrium at the temperature of 300 K for 5 ns. Then, a heat flux was induced by enabling
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the Muller-Plathe algorithm. The simulation was performed for 450 ns and only the last
400 ns was used to sample the temperature profile and heat flow. For all cases, no
noticeable difference was identified between the thermal conductivities calculated using
the 50 ns - 250 ns simulation results and the 250 ns - 450 ns simulation results, indicating
that the calculated thermal conductivities were stable with time. Moreover, to eliminate
possible spurious global rotation of the molecule, global angular momentum was
subtracted from the momentum of each atom at all steps. To avoid protein denaturation at
high temperatures,” simulation parameters were optimized to ensure that the temperature

difference between the hottest and coldest slabs in the system was 30+2 K.
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CHAPTER 3
EFFECTS OF AMINO ACID SEQUENCE ON THERMAL CONDUCTION

THROUGH B-SHEET CRYSTALS OF NATURAL SILK PROTEIN

3.1 Abstract

Recent experiments have discovered very different thermal conductivities between
the spider silk and the silkworm silk. Decoding the molecular mechanisms underpinning
the distinct thermal properties may guide the rational design of synthetic silk materials and
other biomaterials for multifunctionality and tunable properties. However, such an
understanding is lacking, mainly due to the complex structure and phonon physics
associated with the silk materials. Here, using non-equilibrium molecular dynamics, we
demonstrate that amino acid sequence plays a key role in the thermal conduction process
through [B-sheets, an essential building block of natural silks and a variety of other
biomaterials. Three representative B-sheet types, i.e. poly-A, poly-(GA), and ploy-G, are
shown to have distinct structural features and phonon dynamics leading to different thermal
conductivities. Fundamental understanding of the sequence effects may stimulate the

design and engineering of polymers and biopolymers for desired thermal properties.

3.2 Introduction
Natural silk materials produced by spiders and silkworms' have drawn considerable

attention in the past couple of decades due to their extraordinary mechanical properties,>

Zhang, L., Bai, Z., Ban, H. and Liu, L., 2015. Effects of the amino acid sequence
on thermal conduction through B-sheet crystals of natural silk protein. Physical
Chemistry Chemical Physics, 17(43), pp.29007-29013.



45
biodegradability, and biocompatibility.* > These unique properties have enabled diverse
applications of natural silk materials in making biomedical sutures® and implantable
devices,” and in drug delivery as the drug carriers targeting cancer cells.® ° Recently, these
materials were made even more attractive for their thermal properties. The dragline silk
made by Nephila clavipes, a golden orb-web spider, was measured to have a thermal
conductivity of 1.2-151 Wm™'K"!, surpassing many materials.'® ! By contrast, the thermal
conduction in silkworm silk is much less efficient. With thermal conductivities as low as
0.54 Wm'K,'? silkworm silk-based textiles have been used as a thermal insulator for
thousands of years.!> From a fundamental point of view, it is striking that the spider and
silkworm silks (Figure 3.1ab), both spun by arthropods, have such distinct thermal
conducting capabilities.

Structurally, both spider and silkworm silks are made of proteins rich in B-sheet, a
protein secondary structure consisting of aligned polypeptide strands interlocked by
hydrogen bonds. In these silk proteins, the abundant B-sheet crystals are embedded in a
semi-amorphous matrix of 31 helices and B-turns (Figure 3.1¢),'* contributing significantly
to the physical properties of the silk materials. For instance, our previous study has shown
that the thermal conductivity of the poly-alanine (poly-A) B-sheet,'> an essential building
block of the Nephila clavipes spider silk, can be 1-2 orders of magnitude higher than that
reported for other protein structures.'® The main contributor to this phenomenon is the
hydrogen bonding between the B-strands that form the B-sheets. As heat is carried by
phonons in the B-sheet, the interstrand hydrogen bonds blue-shift the frequencies of the

low-frequency phonon modes, which further enhance thermal conduction.
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Figure 3.1. Natural silk from (a) the Nephila clavipes spider and (b) the Bombyx mori
silkworm has a similar hierarchical structure, where (c) B-sheet protein structure serves as
an essential building block. In natural silk proteins, the B-sheets form numerous crystalline
domains (blue) that are embedded in an amorphous matrix (red curves). Each of the [3-
sheets consists of multiple B-strands interlocked by hydrogen bonds (red dash lines). The
B-sheets in different types of natural silk may have different amino acid sequences. For
example, the B-sheets in the Nephila clavipes spider silk feature repeated (d) poly-A motifs,
while those in the Bombyx mori silkworm silk are formed by repeated (e) poly-(GA) motifs.
(f) To compute the thermal conductivity of a B-sheet, heat flow is generated from the “heat
source” (red region) to the “heat sink” (blue region) by a velocity swapping algorism. L
denotes the characteristic length of the model. (g) The B-sheet is analogous to a network of
thermal resistors. Each strand is represented by a line of thermal resistors whose total
resistance is denoted by Ekdge or Ent, depending on the location of the strand.

Despite the progress, it remains unclear how heat is conducted differently in the B-
sheets constituting the spider and silkworm silks. Structural biology has revealed that the
B-sheets in different types of natural silk feature different amino acid sequences. For
instance, the dragline silk from the Nephila clavipes spider has abundant repeats of poly-

Alanine (poly-A) (Figure 3.1d) while the cocoon silk from the Bombyx mori silkworm
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features poly-(Glycine-Alanine) [poly-(GA)] repeats (Figure 3.1e).'*!7 Such a difference
in the protein sequence has been found responsible for the distinct mechanical properties
of different types of B-sheets.'® Nevertheless, how thermal conduction is affected by the
protein sequence is relatively unknown. Deciphering the correlation between the thermal
properties and the protein sequence may improve our fundamental understanding of the
nanoscale thermal transport phenomena in biomaterials. The results may further guide the
design of synthetic silk materials'®?° to achieve tunable thermal properties with inherent
biocompatibility, which is desired by many biomedical applications that demand high-
performance thermal regulation. A word of caution though is that B-sheet nanocrystals only
account for ~30% of the residues in the N. clavipes dragline,'* 2! and ~50% in the B. mori
silk.!*22 The amorphous phase is also critical in determining the overall thermal properties
of the silks. However, compared with 3-sheets, the amorphous phase is typically associated
with more phonon scattering and shorter mean free path of phonons leading to slower
thermal conduction.?* Therefore, this work focuses on the B-sheets which are the main
thermal conductors in silks, aiming to reveal the effects of amino acid sequence on their
intrinsic thermal conductivities.

To assist the understanding of the thermal transport process in B-sheets, it is helpful
to draw an analogy between the protein 3-sheets and other low-dimensional nanomaterials
including nanotubes and nanowires and search for similarities and distinctions in the
thermal transport mechanisms. First, we note that all -strands in the B-sheets (Figure 3.1de)
feature numerous side chains/atoms (e.g. -CH3 and -H) that are anchored to the backbone

of the polypeptide chains (i.e. -N-C-C-). This is analogous to the carbon nanotubes
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functionalized by chemical attachments of alien molecules or atoms. Second, the poly-(GA)
B-strand in Figure 3.1e is analogous to the superlattice nanowires that have alternating
elements along the length direction. Previous studies have shown that: 1) carbon nanotubes
functionalized by phenyl rings** and hydrogen atoms>® have lower thermal conductivities
than their pristine counterparts due to the reduced phonon mean free path; and 2) most
superlattice nanowires have lower thermal conductivities than the nanowires of pure
composition,?® mainly due to the prominent phonon scattering at the material interfaces. It
is hypothesized that the similar structural features dictate the thermal conduction process
in B-sheets as well, while the detailed mechanisms are to be revealed.

Here we report a non-equilibrium molecular dynamics study of the thermal
transport phenomena in three representative -sheet types, i.e. poly-(GA), poly-A, and
poly-G. The poly-(GA) B-sheet is abundant in the Bombyx mori silkworm silk, while the
ploy-A B-sheet dominates in the Nephila clavipes spider silk. The poly-G B-sheet is a
conceptual sequence for comparison. The analysis allows us to probe the fundamental
physics underpinning the different thermal conductivities of natural silk materials. By
systematically investigating the effects of sequence and structure, we will show in detail
the phonon dynamics and molecular mechanisms associated with the thermal transport
processes. The results will be further discussed in comparison with those reported earlier
on the thermal conduction in synthetic low-dimensional materials. The conclusions may
expand our understanding of the role of hydrogen bonds in facilitating thermal conduction

in B-sheets and guide the design of biomaterials for desired thermal properties.
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3.3 Models and Methods
Full-atom atomistic models were constructed for the B-sheets with specific
sequences and various sizes. We note that each B-sheet may exist in two different forms,
i.e. the parallel and antiparallel configurations. This study is focused on the antiparallel 3-
sheets only, because they are more dominant in the Nephila clavipes dragline and Bombyx
mori cocoon silks 7. Each B-sheet model is composed of a specific number of B-strands
that have the same characteristic length of 6.15 nm. The model is named as Xm-n-1, where
X indicates the repeated residues in the peptide, m is the total number of the repeats in a
single B-strand, n is the number of B-strands in each layer, and “1” means that this study
focuses on monolayer B-sheets. To eliminate phonon scattering with geometric boundaries,
periodic boundary conditions were applied along all three directions. The unit cell was set
to be large (40 nm) along the y- and z-directions to prevent periodic images of the 3-sheet
from interacting with each other in these directions. In all these models, about 70%
hydrogen bonds form between the -strands, which confirms that the structures are stable
and appropriate for subsequent simulations (see details in ESI). It deserves mentioning that
in this study, all B-sheets were placed in a vacuum to focus on their intrinsic thermal
conductivities. In real silk materials, however, there are several extrinsic factors that may
affect the thermal conduction process, e.g. interaction with the amorphous phase and the
surrounding water molecules. Between the two factors, water may have fewer influences
due to its low presence in natural silks.?”>?® The amorphous phase may scatter phonon

transport in B-sheets and change their thermal conductivities to some extent. However, we
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believe the interaction with the amorphous phase will not overturn the sequence effects to
be revealed by this study.

The reverse non-equilibrium molecular dynamics method developed by Muller-
Plathe? was employed to calculate the thermal conductivity. The method has been applied
to many different material systems including polymers, nanotubes, nanowires, and
liquids,*® and has been shown to give consistent results as the equilibrium Green-Kubo
method.*! To apply the method, it is required that the system contains two copies of the [3-
sheet to be analyzed, i.e. the original model and an image, both physically connected and
symmetric about their center along the direction of intended heat flow (x-direction in this
study). The entire system was then divided into N slabs along the x-direction. A heat flux
was numerically generated by continuously swapping the velocities of the “coldest” atoms
(with the lowest kinetic energy) in the “heat source” slab and the “hottest” atoms (with the
highest kinetic energy) in the “heat sink” slab (Figure 3.1f). Fourier’s law was then
employed to evaluate the thermal conductivity based on the heat flux generated in the
system and the heat flux-induced thermal gradient. During this velocity-swap process, a

virtual elastic collision model’?

was employed to ensure the conservation of both system
energy and momentum equilibrium. The induced heat flux was evaluated by J= AE/2tA4,
where ¢ denotes the time interval between two swaps, AE is the averaged kinetic energy

transferred per swap, A4 is the cross-sectional area of the material, and the coefficient “2”

reflects the two symmetric heat transport paths from the hot slab to the cold slab. Finally,

by Fourier’s law, thermal conductivity was calculated by A=—/. / %, where d7/dx is the
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temperature gradient along the x-direction. Due to the symmetric nature of the system, the
characteristic length, L, of the model equals to half the system length.

All simulations were performed using LAMMPS* with the CHARMM?22 force
field** to describe the interatomic interactions. Particle-particle particle-mesh method
(PPPM) was adopted to address long range Coulomb’s interactions with a root mean square
accuracy of 10, Nosé-Hoover thermostat was employed to maintain system temperature
at desired values. Time step was set to be 1 fs. Prior to each simulation for obtaining
thermal conductivity, the initial molecular structure was relaxed by minimization with the
conjugate gradient method, followed by molecular dynamics equilibration at the
temperature of 300 K for 5 ns. Then, a heat flux was induced by enabling the Muller-Plathe
algorithm. The simulation was performed for 450 ns, and only the last 400 ns was used to
sample the temperature profile and heat flow. For all cases, no noticeable difference was
identified between the thermal conductivities calculated using the 50 ns - 250 ns simulation
results and those calculated using the 250 ns - 450 ns simulation results, indicating that the
calculated thermal conductivities were stable with time. Moreover, to eliminate possible
spurious global rotation of the molecule, global angular momentum was subtracted from
the momentum of every atom at all steps. To avoid protein denaturation at high

temperatures,>

simulation parameters were optimized to ensure that the temperature
difference between the hottest and coldest slabs in the system was 30+2 K.
In addition to the computation of thermal conductivity, phonon density of states

(DOS) was also evaluated to further reveal the thermal transport mechanisms. Fourier

transformation of the velocity autocorrelation function (VAF) was calculated for
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Figure 3.2. (a) Thermal conductivity and (b) thermal conductance versus the number of [3-
strands (n) for the poly-A, poly-G, and poly-(GA) B-sheets. The results in (a) are fitted by
a thermal resistance model to predict the thermal conductivities of larger B-sheets. The
inset in (b) plots the thermal conductance divided by the number of B-strands.
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3.4 Results and Discussions
Figure 3.2a plots the computed thermal conductivities of all the -sheets under
investigation. To reveal the sequence and size effects, all B-sheets were built to have the
same length of 16 residues, while the width was varied by changing the number of the [3-
strands. The results show prominent width effects. As the number of B-strands increases
from 1 to 9, the thermal conductivity of the poly-(GA) B-sheet increases from 0.84 to 2.09
Wm'K! (blue circles in Figure 3.2a). Additionally, it can be speculated that the thermal
conductivity should converge to a certain value as the B-sheet becomes infinitely large.
Similarly, the poly-G and poly-A B-sheets also give the same ascending trend. The thermal
conductivity of the poly-A B-sheet increases from 1.85 to 4.30 Wm™'K™! (black squares),
while that of the poly-G B-sheet increases from 2.29 to 6.11 Wm™'K"! (red diamonds). The
size effects are attributed to the hydrogen bonds interlocking -strands to form the B-sheets,
which blue-shift the frequencies of the low-frequency phonon modes and facilitate thermal
conduction. Similar hydrogen bond effects have been discovered in a-helices to enhance
thermal diffusion.*®
All of these results agree with a thermal resistance model developed in our previous
work!'> which reveals that: 1) the thermal conductivity of a B-sheet increases with the
number of B-strands in the B-sheet (n); 2) the thermal conductivity of any B-strand in the
B-sheet depends on the degree of hydrogen bonding; and 3) as n becomes infinitely large,
the thermal conductivity of a monolayer B-sheet converges to that of an interior B-strand

in the B-sheet. Figure 3.1f shows a poly-A [B-sheet (A-16-5-1) that has five B-strands



54
interlocked by hydrogen bonds. The thermal resistance model simplifies the B-sheet as a
network of residues as shown in Figure 3.1g. The B-strands are further divided into two
groups — edge strands and interior strands, with their thermal conductivities denoted by
Kedge and Kint, respectively. The overall thermal conductivity of the B-sheet is derived as

K= 2K,y /04 (n=2)ky I n- Using the results in Figure 3.2a, kedge and xint of the poly-A,

poly-G, and poly-(GA) B-sheets are evaluated and tabulated in Table 3.1. It is readily seen
for all the three types of B-sheets, edge B-strands and interior -strands have different
thermal conductivities; &int is higher than xedge, and both of them are higher than &ingle, the
thermal conductivity of a stand-alone B-strand of the same type. This is consistent with the
fact that the interior B-strands are connected with more hydrogen bonds than the edge [3-
strands in a (3-sheet, and a stand-alone B-strand has no hydrogen bond. Furthermore, the

model also predicts increasing thermal conductivity with n, which agrees with the
computational results in Figure 3.2a. As n keeps increasing, K, =K|, .. =K, gives the

upper limit of the thermal conductivity.

Table 3.1. Computed thermal conductivities of three standalone B-strands ( Asingle), and the
interior and edge B-strands in the corresponding 3-sheets (&int and Aedge).

Thermal Conductivity (W/K-m)

B-sheet n=1 n>2
Ksingle Kedge K‘int
Al6-n-1 1.85 2.25 4.86
GA8-n-1 0.84 1.07 2.30

Gl16-n-1 2.29 3.49 6.80
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The results in Figure 3.2a and Table 3.1 also show prominent effects of the amino
acid sequence. At any particular width, the poly-G B-sheet gives the highest thermal
conductivity among the three types of B-sheet under investigation, poly-A B-sheet the
second, and poly-(GA) B-sheet the lowest. In terms of the upper limit of thermal
conductivity (&), the poly-G B-sheet (G16-n-1) is approximately 40% higher than the
poly-A B-sheet (A16-n-1) and 196% higher than the poly-(GA) B-sheet (GAS8-n-1). In
addition to affecting the thermal conduction in B-sheets where hydrogen bonds play a key
role, the sequence of amino acids also influences the conduction of heat in standalone 3-
strands. As shown in Table 1, the thermal conductivity of the standalone GA8-1-1 B-strand
is calculated to be the lowest, 55% lower than that of A16-1-1, and 63% lower than that of
G16-1-1. The similar ranking between the standalone -strands and the -sheets implies
that the sequence effects are inherent to proteins and not strongly influenced by hydrogen
bonds.

These results are consistent with previous experimental measurements and provide
clues for us to understand the varied thermal properties among different natural silks. As
an essential building block of the Nephila clavipes spider silk protein, the poly-A B-sheet
is shown by our computation to be a good thermal conductor, which contributes to the
experimentally measured high thermal conductivity of the spider silk. Similarly, the low
thermal conductivity of the Bombyx mori silkworm silk is partly attributable to the
inefficient thermal conduction in poly-(GA) B-sheet. Furthermore, the computational
results also provide a hint on the peptide design for engineering superior thermal-

conducting biomaterials. Given the high thermal conductivities of the poly-A B-sheets,
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incorporating more poly-A motifs in the peptides may form B-sheets of better thermal
conducting capabilities, thereby improving the thermal properties of the biomaterials. This
is particularly pertinent to the design of synthetic silk materials in which amino acid
sequence can be engineered following an optimized blueprint.

To reveal the mechanisms underlying the different thermal conductivities between
the poly-A and poly-G B-sheets, we first convert the thermal conductivities into the thermal
conductances. Thermal conductivity (&) is the property of material to conduct heat, while
thermal conductance (G) is the property of a plate of particular length and cross section to
conduct heat. They are correlated by . - ;. ., 4 , where 4 is the cross-sectional area, and
L is the length of the plate. To calculate G for any 3-sheet under investigation, we note that
k and L are readily available while 4 is lacking. The cross-sectional area of low-
dimensional materials such as graphene and nanotubes have been studied for decades, and
there are many approaches available. In this study, the cross-sectional area of a 3-sheet was
evaluated based on a time- and spatial-averaging approach. As illustrated in Figure 3.3, a
B-sheet under equilibrium was simulated for 1 ps, during which 1000 snapshots were stored.
The position of a B-strand was quantified by averaging the coordinates of all backbone
atoms constituting the strand over the 1000 snapshots. The cross-sectional area per stand
(Astrand) Was then calculated based on the area occupied by the B-strand on an averaging
basis. In this way, Asrana Was evaluated to be 25.46 A? for the poly-A B-sheets, 21.46 A2

for the poly-(GA) B-sheets, and 17.08 A? for the poly-G B-sheets.
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Figure 3.3. Evaluation of the cross-sectional area of a poly-A B-strand based on the
equilibrium positions of the interior -strands in a -sheet.

Using the areas and thermal conductivities computed above, the thermal
conductances of all B-sheets under investigation are calculated and plotted in Figure 3.25.
Similar with the thermal conductivity, the thermal conductance is also found to increase
with the number of B-strands, which again, demonstrates that hydrogen bonding facilitates
thermal transport in B-sheets. More importantly, it is striking to discover that the poly-G
and poly-A B-sheets have very close thermal conductances despite their distinct thermal
conductivities. In other words, the difference in sequence (i.e. poly-A versus poly-G) only
affects the thermal conductivity significantly, while not changing the thermal conductance
notably. Given x=L-G/ A, the poly-G and poly-A B-sheets (with same L) have almost
the same G, so x~1/4. That is, to tune the thermal conductivity of a B-sheet made with

homogeneous amino acids, we may engineer the side chains to change the effective area
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of the B-sheet. For example, the short side chains in the poly-G B-sheet can reduce the cross
sectional area effectively, thereby increasing the thermal conductivity to the largest extent

among the three types of B-sheet under investigation.
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Figure 3.4. Partial phonon DOS projected on the glycine and alanine residues of (a) a GAS8-
5-1 B-sheet and (b) a standalone GA8-1-1 B-strand.
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On the other hand, the poly-(GA) B-sheets are shown to have lower thermal
conductivities than their counterparts with homogenous compositions (poly-A and poly-
G). To understand how the heterogeneous composition affects thermal conduction, we have
conducted phonon DOS (density of states) analysis on the poly-(GA) B-sheets. Figure 3.4a
plots the partial phonon DOS of the GA8-5-1 -sheet projected on the glycine and alanine
residues, respectively. Very different phonon modes spanning from 0 to 60 THz are
identified between the two types of residues. For example, the glycine residues are
associated with unique peaks at 0.71, 2.71, 44.33, and 52.65THz, and have higher densities
at 7.13, 8.96, 16.76, 31.85, 37.74, 50.23, and 55.86 THz; by comparison, the alanine
residues show unique peaks at 1.18, 34.11, and 42.34THz, and have higher densities at
12.51, 21.44, 28.04, 38.78, and 49.02 THz. Based on these results, phonon dynamics is
distinct in the glycine and alanine residues. When such phonons are carrying heat through
the B-sheets, some of them may reflect back or experience mode conversion at the
interfaces between the two different types of residues, dramatically decreasing the
efficiency of thermal conduction. This is analogous to that in superlattice nanowires
which are composed of alternating materials in a periodic pattern. Several investigations®
have shown reduced thermal conductivities of superlattice nanowires compared with that
of the constituting materials,?” based on similar mechanisms.
We note that, despite the similarities, the [-sheets have several unique
characteristics that differ them from the superlattice nanowires. First, superlattice
nanowires feature alternating chemical elements along the length direction which form

many interfaces between the materials. In B-sheets, however, the chemical composition of
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the main phonon transport pathway, i.e. the backbone, is the same for all residues; distinct
types of residues are different in their side chains, which impose strong influences on the
transport of phonon through the backbone chains. Second, the thermal transport in 3-sheets
is further complicated by the unique hydrogen bonding interactions between the
neighboring B-strands. Figure 3.45 plots the partial phonon DOS of the standalone GAS8-
1-1 B-strand projected on the glycine and alanine residues, respectively. The two types of
residues show very different phonon modes. And more importantly, by comparing Figure
3.4b with Figure 3.4a, it is readily seen that the low-frequency phonon modes in B-sheets
are widened and have blue-shifted frequencies, due to the inter-strand hydrogen bonds.
Indeed, in the P-sheets with heterogeneous amino acid compositions, the effects of
alternating residues and hydrogen bonds are coupled, which complicates the thermal

transport phenomena.

All sequence effects shown above were discussed using monolayer [3-sheets as the
model material. It is unknown, whether or not the revealed sequence effects would hold
when multiple B-sheets stack to form nanocrystals. To answer this question, we simulated
several multilayer B-sheets with the poly-A and poly-(GA) sequences. The results
demonstrate that the sequence of amino acids influences the monolayer and multilayer [3-
sheets in a similar way. Figure 3.5 plots the thermal conductivities of two monolayer 3-
sheets (i.e. A16-7-1 and GAS8-7-1), and four multilayer nanocrystals (i.e. A16-7-3, GA8-
7-5, A16-7-3, and GA8-7-5). The thermal conductivities of all poly-A B-sheets are about
twice as high as that of their poly-(GA) counterparts. In other words, the sequence effects

discussed earlier for monolayer B-sheets hold in multilayer B-sheets. Another important
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finding is that the thermal conductivities of the poly-A (or poly-(GA)) B-sheets keep almost
a constant as the number of layers varies. That means the stacking of B-sheets does not
change thermal conductivities significantly; phonon transport in the hydrogen-bonded [3-
sheets is not much influenced by the vdW interactions between the B-sheets.

The results shown in Figure 3.5 demonstrate that the thermal conductivities of the
poly-A B-sheets (~4 Wm™'K™") are higher than that of the poly-(GA) B-sheets (~2 Wm™'K"
1. The sequence effects partly explain the different thermal conductivities between the N.
clavipes dragline (~1.2 Wm™'K™!) and the B. mori silkworm silk (~0.54 Wm™'K™"), as the
former silk has abundant poly-A B-sheets while the latter has rich poly-(GA) B-sheets. The
differences between our simulation results and the experimentally measured values are
mainly attributed to the complex compositions and structures of natural silks. As mentioned
earlier, B-sheet nanocrystals only account for ~30% of the residues in the N. clavipes
dragline, and ~50% in the B. mori silk. Moreover, each silk fiber is composed of multiple
silk fibroins along with a skin layer and a periphery layer.!* Therefore, in addition to the
intrinsic thermal conductivities of the B-sheets, several other factors contribute to the
overall thermal conductivities of the silks. These factors include the amorphous phase
(most important), the interfaces between the amorphous and the [-sheet phases, water
molecules, and the skin and core periphery materials. The influences of these factors,
particularly the amorphous phase and its interfaces with B-sheet nanocrystals, may be a

topic of future study.
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Figure 3.5. Thermal conductivity versus the number of layers in -sheet structures with

the poly-A and poly-(GA) sequences. Each layer has seven B-strands and each strand has
16 residues.

3.5 Conclusions

To summarize, key molecular mechanisms underpinning the thermal conduction in
three representative B-sheet types [i.e. poly-A, poly-(GA), and ploy-G] are studied to reveal
the intrinsic effects of the amino acid sequence. With any of these sequences, 3-sheets are
shown to have thermal conductivities increasing with the number of [-strands,
demonstrating the positive contributions of hydrogen bonds to heat transfer. At the same
size, the poly-A B-sheet shows a thermal conductivity twofold higher than that of the
corresponding poly-(GA) B-sheet, which partly explains why the Nephila clavipes dragline
spider silk has higher thermal conductivity than the Bombyx mori silkworm cocoon silk.
Moreover, the poly-G -sheet shows the highest thermal conductivity among the three 3-

sheet types under investigation. All these sequence effects are caused by the distinct
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structures and unique phonon dynamics associated with the B-sheets. First, the alternating
residues in the poly-(GA) B-sheets cause severe phonon mode mismatch across the G-A
interfaces which obstruct thermal transport. Second, the -sheets of homogeneous residues
(i.e. poly-G and ploy-A) surprisingly demonstrate comparable thermal conductances
despite the distinct thermal conductivities; the difference between their thermal
conductivities is caused by the different cross-sectional areas which are tunable by side
chain design. All these conclusions suggest that, by properly designing the amino acid
sequence, protein -sheets can be engineered to produce multifunctional synthetic silk and

other biomaterials with tunable thermal properties.

3.6 Acknowledgments
We are grateful to the insightful discussions with Prof. Randolph V. Lewis, and the

financial support by Utah State University.



64

REFERENCES

1. C. L. Craig, Annu Rev Entomol, 1997, 42, 231-267.

2. F. G. Omenetto and D. L. Kaplan, Science, 2010, 329, 528-531.

3. Z. Z. Shao and F. Vollrath, Nature, 2002, 418, 741-741.

4, Y. Shen, S. L. Redmond, J. M. Papadimitriou, B. M. Teh, S. Yan, Y. Wang, M. D.
Atlas, R. J. Marano, M. H. Zheng and R. J. Dilley, Biomed Mater, 2014, 9,
015015.

5. Y. Z. Wang, H. J. Kim, G. Vunjak-Novakovic and D. L. Kaplan, Biomaterials,
2006, 27, 6064-6082.

6. G. H. Altman, F. Diaz, C. Jakuba, T. Calabro, R. L. Horan, J. S. Chen, H. Lu, J.
Richmond and D. L. Kaplan, Biomaterials, 2003, 24, 401-416.

7. L. Meinel, R. Fajardo, S. Hofmann, R. Langer, J. Chen, B. Snyder, G. Vunjak-
Novakovic and D. Kaplan, Bone, 2005, 37, 688-698.

8. A. Florczak, A. Mackiewicz and H. Dams-Kozlowska, Biomacromolecules, 2014,
15, 2971-2981.

9. B. Subia, S. Chandra, S. Talukdar and S. C. Kundu, Integrative Biology, 2014, 6,
203-214.

10.  X. P. Huang, G. Q. Liu and X. W. Wang, Adv Mater, 2012, 24, 1482-1486.

11.  C. Xing, T. Munro, B. White, H. Ban, C. G. Copeland and R. V. Lewis, Polymer,
2014, 55, 4226-4231.

12.  G. Q. Liu, X. P. Huang, Y. J. Wang, Y. Q. Zhang and X. W. Wang, Soft Matter,
2012, 8, 9792-9799.

13. J. Zhang, R. Rajkhowa, J. L. Li, X. Y. Liu and X. G. Wang, Mater Design, 2013,
49, 842-849.

14.  T. Lefévre, M.-E. Rousseau and M. Pézolet, Biophys J, 2007, 92, 2885-2895.

15. L. Zhang, T. Chen, H. Ban and L. Liu, Nanoscale, 2014, 6, 7786-7791.

16. B. M. Foley, C. S. Gorham, J. C. Duda, R. Cheaito, C. J. Szwejkowski, C.

Constantin, B. Kaehr and P. E. Hopkins, The Journal of Physical Chemistry
Letters, 2014, 5, 1077-1082.



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

65

J. D. van Beek, S. Hess, F. Vollrath and B. H. Meier, Proceedings of the National
Academy of Sciences, 2002, 99, 10266-10271.

S. B. Xiao, W. Stacklies, M. Cetinkaya, B. Markert and F. Grater, Biophys J, 2009,
96, 3997-4005.

B. An, J. E. Jenkins, S. Sampath, G. P. Holland, M. Hinman, J. L. Yarger and R.
Lewis, Biomacromolecules, 2012, 13, 3938-3948.

A. Lazaris, S. Arcidiacono, Y. Huang, J. F. Zhou, F. Duguay, N. Chretien, E. A.
Welsh, J. W. Soares and C. N. Karatzas, Science, 2002, 295, 472-476.

C. Riekel, C. Brianden, C. Craig, C. Ferrero, F. Heidelbach and M. Miiller, Int J
Biol Macromol, 1999, 24, 179-186.

F. Lucas, J. T. B. Shaw and S. G. Smith, Nature, 1956, 178, 861-861.

J. Liu and R. G. Yang, Phys Rev B, 2010, 81, 174122.

C. W. Padgett and D. W. Brenner, Nano Lett, 2004, 4, 1051-1053.

R. Q. Pan, Z. J. Xu, Z. Y. Zhu and Z. X. Wang, Nanotechnology, 2007, 18, 285704.
M. Hu and D. Poulikakos, Nano Lett, 2012, 12, 5487-5494.

T. A. Blackledge, C. Boutry, S.-C. Wong, A. Baji, A. Dhinojwala, V. Sahni and I.
Agnarsson, Journal of Experimental Biology, 2009, 212, 1981-1989.

P. M. Cunniff, S. A. Fossey, M. A. Auerbach, J. W. Song, D. L. Kaplan, W. W.
Adams, R. K. Eby, D. Mahoney and D. L. Vezie, Polym Advan Technol, 1994, 5§,
401-410.

F. Muller-Plathe, J Chem Phys, 1997, 106, 6082-6085.

E. A. Algaer and F. Miiller-Plathe, Soft Materials, 2011, 10, 42-80.

P. K. Schelling, S. R. Phillpot and P. Keblinski, Physical Review B, 2002, 65,
144306.

C. Nieto-Draghi and J. B. Avalos, Mol Phys, 2003, 101, 2303-2307.

S. Plimpton, J. Comput. Phys., 1995, 117, 1-19.



34.

35.

36.

37.

66

A. D. MacKerell, D. Bashford, M. Bellott, R. L. Dunbrack, J. D. Evanseck, M. J.
Field, S. Fischer, J. Gao, H. Guo, S. Ha, D. Joseph-McCarthy, L. Kuchnir, K.
Kuczera, F. T. K. Lau, C. Mattos, S. Michnick, T. Ngo, D. T. Nguyen, B. Prodhom,
W. E. Reiher, B. Roux, M. Schlenkrich, J. C. Smith, R. Stote, J. Straub, M.
Watanabe, J. Wiorkiewicz-Kuczera, D. Yin and M. Karplus, J Phys Chem B, 1998,
102, 3586-3616.

D. Paschek and A. E. Garcia, Phys Rev Lett, 2004, 93, 238105.

G. Mino, R. Barriga and G. Gutierrez, The Journal of Physical Chemistry B, 2014,
118, 10025-10034.

X.B. Liand R. G. Yang, Phys Rev B, 2012, 86, 054305.



67
CHAPTER 4
TUNING THERMAL CONDUCTIVITY OF CRYSTALLINE POLYMER

NANOFIBERS BY INTERCHAIN HYDROGEN BONDING

4.1 Abstract

Polymers are widely used but they suffer from an apparent bottleneck of inefficient
thermal conduction. Here, using non-equilibrium molecular dynamics, we demonstrate that
hydrogen-bonded crystalline polymer nanofibers may have thermal conductivities 1-2
orders of magnitude higher than that of engineering polymers. Interchain hydrogen bonds
serve as “soft grips” to restrict the torsional motion of polymer chains, leading to enhanced
thermal conductivities. The degree of enhancement can be tuned by changing the density
of hydrogen bonds, and the number of chains comprising the polymer nanofiber/nanosheet.
Further analysis of the dihedral distribution and the phonon dispersion curves attribute such
phenomena to the unique effects of hydrogen bonds in confining structural disorder and
facilitating phonon transport. The study suggests an important way to tune the thermal

conductivity of crystalline polymers.

4.2 Introduction
Polymers are key materials in many engineering technologies for their low mass
density, high corrosion resistance, excellent manufacturability, and low costs.! Despite the

many advantages, the material suffers from an apparent bottleneck. The thermal

Zhang, L., Ruesch, M., Zhang, X., Bai, Z. and Liu, L., 2015. Tuning thermal
conductivity of crystalline polymer nanofibers by interchain hydrogen bonding. RSC
Advances, 5(107), pp.87981-87986.
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conductivities of most bulk polymers are only 0.1-1 W/Km,?> making them inferior to
metals and ceramics for applications demanding efficient thermal management. In the
meanwhile, however, single polyethylene chains have been reported to be highly
conducting with a thermal conductivity of 350 W/m K.? The drastic difference underscores
the significant influences of molecular structure on the thermal conductivities of polymers,
in which hydrogen bond may play a key role.

Fundamentally, the thermal conductivity of polymers is governed by factors
including chain morphology, alignment, and the interchain atomistic interactions. For
standalone polyethylene chains, nonstraight morphologies including waviness and torsion
negatively impact the along-chain thermal conduction.* When multiple chains form a
nanofiber or a bulk material, chain alignment becomes critical. An ultra-drawn
polyethylene nanofiber has demonstrated a high thermal conductivity of 104 W/Km,
mainly due to the enhanced phonon transport in mechanically aligned polymer chains.’ In
addition to chain alignment, the strength of the interchain atomistic interaction also
influences thermal transport profoundly.® In general, thermal conductivity is reduced by
weak van der Waals (vdW) interactions, as evidenced in the studies of carbon nanotube
bundles,’ few-layer graphene,® ° and polyethylene nanofibers.!°

Ten to one hundred times stronger than the vdW interaction,!! the hydrogen
bonding in polymers can enhance existing thermal pathways and create new ones to more
efficiently conduct heat. In a recent experimental work, two polymers, i.e. poly(N-acryloyl
piperidine) and poly(acrylic acid), were mixed to form a blend in which the interchain

hydrogen bonds exerted forces to hold the polymer chains, improving both the interchain
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and intra-chain heat transfer. Due to this effect, the thermal conductivity of the blend was
measured to be 1.5 W/Km, an order of magnitude higher than that of the constituting
polymers, i.e. 0.19 and 0.22 W/Km.!? The experimental study is consistent with our
computational work on protein B-sheets. Different from bundled carbon nanotubes and
few-layer graphene, B-sheets showed increased thermal conductivities when formed by
more constituting units (i.e. B-strands).'> % The unusual trend was attributed to the
interchain hydrogen bonds, which blueshift and broaden the low-frequency phonon bands
leading to enhanced thermal conduction. Similar effects have also been demonstrated in o
helices, where hydrogen bonds create new thermal pathways to enhance thermal
diffusion.'?

Inspired by these findings, hydrogen bond engineering has opened a new avenue to
tune the thermal properties of polymers. Nevertheless, a fundamental understanding of the
effects of hydrogen bond location, density, and orientation is still lacking. In this work, we
use crystalline nylon as a model material to investigate the effects of hydrogen bond density
on the nanoscale thermal transport process. We choose nylon because its amide groups (-
NH-CO-) can facilitate the formation of hydrogen bonds between the neighboring chains
[Figure 4.1(a)], leading to stable crystalline structures.'® The non-equilibrium molecular
dynamics study will allow us to reveal how thermal conductivity is correlated with the
density of hydrogen bonds, and how phonon transport is facilitated by the interchain
hydrogen bonds. The results are expected to guide a rational design of hydrogen-bonded

crystalline polymers for improved thermal conductivities.
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Figure 4.1. (a) Ilustration of hydrogen bonds in crystalline polymers. (b) Molecular
structure of an extended polymer chain of nylon 4. Silver, blue, white, and red spheres
represent the carbon, nitrogen, hydrogen, and oxygen atoms, respectively. (c) Multiple
such chains are interlocked by hydrogen bonds to form a crystalline nanosheet. (d) Multiple
such nanosheets stack to form a nylon crystal. Arrows in (b) and (c) indicate the directions
of the polymer chains defined from NH to CO. Chains with alternating directions indicate
the anti-parallel arrangement leading to the o-form crystal. (e) A computational model of
a crystalline nylon nanofiber. Non-equilibrium molecular dynamics simulation is
performed to induce a heat flux from the heat source (red slab) to the heat sink (blue slab).
(f) An example temperature profile (solid spheres) along the direction of heat flux (x-
direction). The temperature gradient is evaluated by linear regression of the linear portion
(red line), which further leads to the thermal conductivity.

4.3 Models and Methods

4.3.1 Models
Previous studies have shown that interchain interactions are critical to determining

the thermal properties of polymers. In crystalline nylon, hydrogen bonding dominates the



71
interaction within the polymer sheets, while vdW forces govern the interaction between the
sheets. To reveal the effects of both factors on the thermal conduction process, we
performed a systematic study using nylon nanofibers of different sizes, i.e. nylon-n-p-m-q,
where 7 is the number of carbon atoms in each repeat unit, p is the number of repeat units
per chain, m is the number of chains per sheet, and ¢ is the number of sheets in the nanofiber
[Figure 4.1(e)]. Figure 4.1(b-d) illustrates the molecular structure of crystalline nylon. As
a polyamide, nylon consists of numerous copies of [-NH-CO-(CH2)x-1-], where n denotes
the number of carbon atoms in each repeat unit. Different numbers of # lead to different
nylon materials. For example, n = 4 gives nylon 4 which has the molecular structure [-NH-
CO-(CH2)3-] [Figure 4.1(b)]. When many of such polymer chains are bundled, the chains
are interlocked by hydrogen bonds to form crystalline sheets [Figure 4.1(c)], which may
further stack to form crystals [Figure 4.1(d)]. Here, we note that nylon chains are
directional (from NH to CO). Arranging the chains in the anti-parallel and parallel patterns
would lead to different forms of the material (i.e. the o and vy forms). This work is focused

on the o-form nylon because it is more stable and more conducting. ' 1417

4.3.2  Structural Relaxation

The molecular structures of the nanofibers were relaxed by minimization with the
conjugate gradient method, followed by molecular dynamics equilibration of 5 ns at 300 K
using the NVT ensemble and the time step of 1 fs. All simulations were performed using
LAMMPS'® with the OPLSAA force field.”” OPLSAA has been shown by a previous
comparative study to be the most effective force field in describing the hydrogen bonding

energy and in maintaining the stability of several hydrogen-bonded molecular complexes.?
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All force field parameters used in our simulations can be found in Appendix C, Section 1.
Particle-particle particle mesh method (PPPM) was adopted to account for the long-range
Coulomb’s interactions. Periodic boundary condition was applied along all the three
directions. Large unit cell sizes were assumed along the transverses directions to minimize
the artificial interactions between the images of the molecular structure. Nose-Hoover

thermostat was employed to maintain the temperature at specified values.

4.3.3 Non-Equilibrium Molecular Dynamics

To apply the method,?! it is required that the system contains two copies of the
nanofiber to be analyzed, i.e. the original structure and an image, both physically connected
and symmetric about their center along the direction of intended heat flow (x-direction in
this study). The entire system was then divided into N slabs along the x-direction. A heat
flux was generated by continuously swapping the velocities of the “coldest” atoms (with
the lowest kinetic energy) in the “heat source” slab and the ‘“hottest” atoms (with the
highest kinetic energy) in the “heat sink” slab. During this velocity-swap process, a virtual

elastic collision model??

was employed to ensure the conservation of both system energy
and momentum equilibrium. By adjusting the swapping frequency, the temperatures of the
hot and cold regions were controlled to be approximately 300+15 K in all cases. Due to the
symmetric nature of the system, the characteristic length, L, of the model equals to half the
system length. The simulations were performed using the NVE ensemble. The time step
was set to be 0.5 fs, small enough to capture the dynamics of the hydrogen bonds. We note

that, to reach the equilibrium state where a stable temperature profile is formed, models of

different sizes would need different lengths of simulations (10~30 ns). Only after



73
equilibrium can we calculate the temperature in the slabs (based on the production run of

10~30 ns) and calculate the thermal conductivity.

4.3.4 Calculation of Thermal Conductivity

Each non-equilibrium molecular dynamics simulation led to a temperature profile
similar to that shown in Figure 4.1(f). The temperature profile is nonlinear due to the
perturbation caused by the artificial velocity swapping. An average was taken between the
temperature profiles to the left and right of the heat source. Line regression was then
calculated to obtain the temperature gradient. On the other hand, the induced heat flux was
evaluated by J=AFE/2t4, where ¢t denotes the time interval between two swaps, AE is the
averaged kinetic energy transferred per swap, 4 is the cross-sectional area of the material,
and the coefficient “2” reflects the two symmetric heat transport paths from the hot slab to
the cold slab. The value of 4 was calculated based on the chain-averaged cross-sectional

area in the multilayer nanocrystals. Finally, by Fourier’s law, thermal conductivity was

calculated by K=—J / ‘f—; , Where ‘f—é is the temperature gradient along the x-direction.

4.3.5 Phonon Dispersion Curves

Phonon dispersion curves were calculated based on the finite displacement method
by using the PHONOPY?® and LAMMPS'® packages. In the calculation, each unit cell
comprised of two repeat units along the chain direction to ensure geometric periodicity.
All atoms in the unit cell form a basis. There are 14 atoms in the basis of the single-chain
nylon 2, and 28 atoms in the basis of the double-chain nylon 2. In a supercell of 4 unit cells,

LAMMPS was used to calculate the pairwise force when one atom was positively or
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negatively displaced by a small distance along one of the three Cartesian coordinate
directions. The derived force values were used to calculate the force constants which form
the dynamic matrix. Finally, the phonon dispersion relations were derived from the

eigenvalues of the dynamical matrix.

4.4 Results and Discussion

4.4.1 Hydrogen Bonding-Enhanced Thermal Conductivity

Figure 4.2(a) demonstrates that indeed, the interchain hydrogen bonds facilitate
thermal conduction in crystalline nylon nanosheets. We start from monolayer nanosheets
because hydrogen bonding dominates the interchain interaction which allows us to pinpoint
its effects on thermal transport. Four types of nylon nanosheets were considered, i.e. nylon
2 (glycine), nylon 4, nylon 8, and nylon 10. For each of them, the number of nylon chains
was varied from 2 to 3, 5, 7, and 9. All nanosheets were made to have 20 repeat units along
the chain direction. Due to the different numbers of carbon atoms in the repeat units, the
nylon nanosheets have different lengths (see Table 4.1 for the lengths of the polymer chains
of different types). The thermal conductivity of each nanosheet was then calculated and
normalized by that of a single polymer chain of the same type and same length (see Table
4.1 for the thermal conductivities of the single polymer chains). The normalized thermal
conductivity provides a means to quantify the change in thermal conductivity caused by
hydrogen bonds. As shown in Figure 4.2(a), the thermal conductivities of all nylon
nanosheets increase with the number of chains. This echoes our previous study on protein
B-sheets, both showing positive contributions of hydrogen bonds to the nanoscale thermal

transport process.
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Table 4.1. Length and thermal conductivity of four fully extended nylon chains. Each of
them has 20 repeat units along the chain direction.

nylon 2 nylon 4 nylon 8 nylon 10
Length (nm) 7.7 12.7 22.9 28
Thermal
Conductivity 5.31 5.77 6.48 7.83
(W/Km)
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Figure 4.2. (a) Normalized thermal conductivity of 20 nylon nanosheets with different
types and different widths (characterized by m). The thermal conductivity of each
nanosheet is normalized by that of a nylon single chain (m = 1) that has the same type. The
normalized thermal conductivity provides a means to quantify the change in thermal
conductivity caused by hydrogen bonds. (b) Normalized thermal conductivity versus the
number density of hydrogen bonds in the nanosheet.
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Furthermore, it is discovered that the degree of enhancement in thermal
conductivity is controlled by the density of hydrogen bonds. Figure 4.2(b) plots the
normalized thermal conductivity as a function of the number density of hydrogen bonds in
the nanosheet. Five lines are shown, and they correspond to the nanosheets of different
widths (or different numbers of chains, m). In each line, there are four data points which
correspond to the four types of nylon. The type of nylon and the number of chains both
determine the density of hydrogen bonds in a nanosheet. Overall, we find that the
normalized thermal conductivity (i.e. the degree of enhancement) increases with the
density of hydrogen bonds which, again, demonstrate the positive contributions of
hydrogen bonds to heat transfer.

It is worth pointing out that the thermal conductivities revealed by our simulations
for crystalline nylon nanofibers are much higher than that reported for bulk nylon materials
(typically 0.25 W/m K2*). The different thermal conductivities result from the different
structures of these materials. In bulk nylon, polymer chains are randomly oriented with
weakly coupled chains, and there are numerous impurities and imperfections. All these
factors lead to high phonon scattering, short phonon mean free path, and hence low thermal
conductivities. In the crystalline nylon nanofibers, however, the polymer chains are highly
oriented, and defects are reduced, all of which contribute to the improved thermal
conduction. Such high thermal conductivities of polymer nanofibers have been
experimentally demonstrated using nylon 11 nanofibers with the thermal conductivities

measured to be about 1.6 W/m K.>* Our work presented in this paper provides a systematic
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fundamental understanding of why thermal conduction is improved in the nylon polymer

nanofibers, and how hydrogen bonds contribute to this improvement.

4.4.2 Hydrogen Bonding Increases Phonon Group Velocity

To reveal the phonon physics, dispersion curves were generated for selected
crystalline nylon 2 nanosheets using the finite displacement method. Figure 4.3(a) plots the
phonon dispersion curves of a single-chain and a double-chain nylon 2 nanosheets. It is
readily seen that phonons at low frequencies are predominantly excited by the Boltzmann
distribution; and most optical phonon branches, especially those with higher frequencies,
have a group velocity of zero. Therefore, it is confirmed that heat is mainly transferred by
acoustic phonons. To further understand the effects of hydrogen bonds, Figure 4.3(b) plots
the three acoustic phonon branches for the single-, double-, and triple-chain nanosheets,
respectively. The slope of each phonon branch indicates the group velocity at a specific &.
The slope of a line connecting I" and X in Figure 4.3(b) defines the average group velocity.

From the single chain to the hydrogen-bonded triple-chain nanosheet, acoustic
phonons of all polarization branches demonstrate a blueshift owing to the increasing
hydrogen bonds. The blueshift in frequency is directly linked with the increase of group
velocities. Specifically, hydrogen bonds increase the group velocity of longitudinal
acoustic (LA) phonons when § falls in the range of 0.23-0.38; for out-of-plane acoustic
(ZA) and transverse acoustic(TA) phonons, however, hydrogen bonds increase the group
velocity almost throughout the entire first Brillouin zone. Therefore, the confinement of
chains in a hydrogen bonded environment can, either partially or entirely, increase the

group velocities of acoustic phonons in all polarization branches. This partially explains
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the enhanced thermal conductivities of the hydrogen-bonded crystalline polymers. By
phonon Boltzmann transport equation,?® the thermal conductivity of a one-dimensional
system kx = Cv-vx' A, where Cy is the heat capacity, vx is the representative group velocity
of phonons, and A is the phonon mean free path. Higher average group velocity in

hydrogen-bonded polymers contributes to enhancing the thermal conductivities.
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Figure 4.3. (a) Phonon dispersion curves of nylon2-2-1-1 (left) and nylon2-2-2-1(right). §
is the reduced wave vector defined to be g+/(m/ax), where gx and ax are the wave vector
component and the lattice constant in the x direction, respectively. For nylon2-2-2-1,
frequencies higher than 55 THz are truncated for visual clarity. (b) Acoustic phonon
branches are compared between nylon2-2-1-1 (black), nylon2-2-2-1 (blue), and nylon2-2-
4.43-1 (red). LA, TA, and ZA refer to the longitudinal, transverse, and out-of plane acoustic
phonon branches, respectively. The slope of these phonon dispersion curves indicates the
group velocity. Inset of (b) shows the definition of the average group velocity, i.e. the slope
of a line connecting the origin (I') and the point X (the intersection between the phonon
branch and the line with § = 1).
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4.4.3 Hydrogen Bonding Improves Inter-Chain Lattice Ordering

In addition to increasing phonon transport velocity, hydrogen bonds also improve
structural ordering which reduces phonon scattering. The importance of structural ordering
to efficient thermal conduction has been demonstrated in many previous studies.* >’ For
polymers (even for those with well-aligned chains), there is an important factor that can
cause structural disorder and thereby obstruct thermal conduction — torsion of the chains.
In a recent computational study of polyethylene nanofibers *, Zhang et al. tuned the torsion
of chains by adjusting the dihedral parameters in the force field; the polymers with
restricted torsional motion were found to have higher thermal conductivities. Using the
same approach, similar conclusions have been reached for crystalline nylon polymers (see
ESI, Figure C.1). It is hypothesized that, in hydrogen-bonded polymer nanofibers, the
interchain hydrogen bonds can confine torsional motion, thereby improving thermal
conductivity.

To demonstrate the critical role of hydrogen bonds in improving structural ordering,
we statistically analyzed the dihedral distribution in the single-chain, double-chain, and
triple-chain nylon 2 nanosheets. Dihedral A-B-C-D is defined by four successively
chemical bonded atoms A, B, C, and D; and it describes the torsional angle between the A-
B-C plane and B-C-D plane about the axis connecting B and C. There are 12 types of
dihedrals in nylon 2. Figure 4.4(a) plots the angle distribution of all dihedrals for each of
the three nanosheets, respectively. There are seven peaks identified, centered about +180°,
+122.7°, £57.8°, and 0°. The dihedrals centered about +£180° are C-N-CT-C, CT-N-C-CT,

N-C-CT-N, and H-N-C-O, which mainly represent the torsion of the main chain; the
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dihedrals centered about £122.7° are H-N-CT-HC and O-C-CT-HC, which describe the
torsion involving hydrogen bond donors (H) and acceptors (O) with respect to HC; the
dihedrals centered about £57.8° are C-N-CT-HC and N-C-CT-HC; the dihedrals centered
about 0° are H-N-CT-C, H-N-C-CT, O-C-CT-N, and CT-N-C-O, which also characterize
the torsion involving hydrogen bond donors and acceptors about the main chain. The angle

distribution of each of these dihedrals can be found in Appendix C, Figure C.2.
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Figure 4.4. (a) Normalized distribution of all dihedrals in the nylon2-20-m-1 nanosheets
where m is 1, 2, and 3, respectively. (b) The H-N-CT-C dihedral. (¢) The mean of all H-N-
CT-C dihedrals versus time. Dashed lines show the average, upper bound, and lower bound
of the dihedrals. Inset defines the H-N-CT-C dihedral as the torsional angle between the
H-N-CT plane and the N-CT-C plane. (d) The standard deviation of all H-N-CT-C
dihedrals versus time. Dashed lines show the average.
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Comparing the dihedral distributions, we find that the hydrogen-bonded triple-
chain nanosheet has the highest and sharpest peaks among the three nylon 2 nanosheets
under investigation. In other words, the dihedrals in the triple-chain nanosheet are less
deviated from their equilibrium values, leading to less twisted and more ordered chains. In
such crystalline polymers, the hydrogen bond donors and acceptors have higher
probabilities to reside on the same plane of the main chain atoms; and the rotation of all
side atoms about the main chain is strongly restricted. All these factors contribute to an
improved interchain lattice order of the polymers, leading to enhanced thermal
conductivities.

More statistical analysis was performed to further demonstrate the variation of the
various dihedrals over time. At each time step, all dihedral angles of the same type were
averaged to give a mean value; and the standard deviation (SD) was evaluated as well to
quantify the fluctuation. Both the mean and the standard deviation are shown in Figure
4.4(c-d) as functions of time for the H-N-CT-C dihedral [Figure 4.4(b)]. The data of other
11 dihedrals can be found in Appendix C, Figure C.3-Figure C.4. Apparently, all history
curves in Figure 4.4(c) fluctuate about 0° which is the equilibrium angle of the H-N-CT-C
dihedral. Due to the hydrogen bonds that restrict torsion, the triple-chain nylon 2 nanosheet
demonstrates the most stable H-N-CT-C dihedral (with the least deviation from 0°). All
these results, again, demonstrate the positive effects of hydrogen bonds in maintaining

highly ordered crystalline polymers for efficient thermal conduction.
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4.4.4 Coupled Effects of Inter-Sheet VAW Interaction and Intra-Sheet Hydrogen
Bonding
The above analysis is focused on polymer nanosheets to reveal the critical
contributions of hydrogen bonds to the nanoscale thermal transport. As many of such
nanosheets stack to form nanofibers, the vdW interaction takes effect and dominates the
interchain interactions between the nanosheets. While hydrogen bonding has been shown
to facilitate thermal conduction in crystalline polymer nanosheets, the vdW interaction is
known to be a factor obstructing thermal conduction in many other materials® ?*2°, As both
of them compete in the crystalline nanofibers, which one will win? To answer this question,
we computed the thermal conductivities of four nylon 2 nanofibers, i.e. nylon2-20-m-m
with m varied from 2 to 3, 5, and 7, and the results are shown in Figure 4.5(a). As the
nanofiber grows in both transverse directions, the thermal conductivity keeps increasing
with a tendency to converge. The main contributor to the increased thermal conductivity
is, again, the intra-sheet hydrogen bonds. Comparing the dihedral distributions of the single
chain and the 2x2 nanofiber in Figure 4.5(b), we find that the 2x2 nanofiber has sharper

peaks implying more ordered structure.
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Figure 4.5. (a) Thermal conductivity of multilayer nylon 2 nanofibers, nylon2-20-m-m,
where m is 1, 2, 3, 5, and 7. Here, thermal conductivity is plotted against the number of
chains to show the dependence of thermal conductivity on the cross-sectional area of the
polymer nanofibers. (b) Normalized dihedral distribution of the nylon2-20-2-2 nanofiber
and the nylon2-20-1-1 single chain.

It is worthwhile to further compare Figure 4.5(a) with Figure 4.2(a). The former
shows the variation of thermal conductivity from 1D to 3D, while the latter shows the
variation of thermal conductivity from 1D to 2D. Structurally, in the 2D sheets, the polymer
chains are bundled by hydrogen bonds; in the 3D fibers, the sheets stack as facilitated by
the inter-sheet vdW interaction. In general, it is found that the inter-sheet vdW interaction
in the 3D nanofibers adversely affects the improvement caused by the intra-sheet hydrogen
bonds. However, due to the prominent effects of hydrogen bonds, the thermal conductivity
still increases as the nylon nanofibers grow in transverse directions. This trend is opposite
to that previously shown for the polyethylene nanofibers; due to the nonexistence of
hydrogen bonds in polyethylene, the thermal conductivity of the polyethylene nanofibers

was shown to decrease from 1D to 2D and from 2D to 3D.'°
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4.5 Conclusions
In summary, we have demonstrated that the interchain hydrogen bonds in
crystalline polymers serve as “soft grips” to restrict the torsional motion of polymer chains,
leading to enhanced thermal conductivities. Higher thermal conductivities can be achieved
by increasing the density of hydrogen bonds, or by increasing the number of chains
comprising the polymer nanofibers/nanosheets. This is opposite to the effects of the vdW
interaction. Many previous studies have shown that the vdW interaction obstructs heat
transfer in carbon nanostructures; as a bundled/layered structure comprises of more and
more carbon nanotubes or graphene layers, thermal conductivity decreases.® 2 The unique
contribution of hydrogen bonding to heat transfer is linked with its profound effects on the
structural ordering and phonon transport. Suggested by the analysis of the dihedral
distribution and phonon dispersion, the hydrogen bonds in crystalline polymers restrict
torsion, blueshift acoustic phonon branches, and increase the averages group velocities of
phonons. Such effects of hydrogen bonds can be applied to rationally design crystalline

polymers for improved thermal conductivities.
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CHAPTER 5
EXCEPTIONAL THERMAL CONDUCTANCE ACROSS HYDROGEN-BONDED

GRAPHENE/POLYMER INTERFACES

5.1 Abstract

Ineffective heat transfer between dissimilar materials of drastically different
properties is a challenge for many areas including nanoelectronics and nanocomposites.
Here, using atomistic simulations, we demonstrate that the thermal conductance across the
interfaces between graphene and poly(methyl methacrylate) (PMMA) can be improved by
273% by introducing hydrogen-bond-capable hydroxyl groups to the interfaces. Stronger
than van der Waals interactions, the hydrogen bonds are found to improve the interfacial
association, thereby enhancing the coupling of low-frequency vibrational modes. Using the
integrated autocorrelation of interfacial heat power, we show directly that the hydrogen
bond donors, i.e. oxygen atoms in the hydroxyl groups, build the most effective thermal
transport pathways at the graphene/PMMA interfaces. The enhanced interfacial thermal
conductance is tunable in a wide range by varying the degree of functionalization, with an
upper limit imposed by the saturation of hydrogen bonding. All these results suggest the
design of “hydrogen-bonded material interfaces” for drastically improving interfacial

thermal transport towards a wide range of applications.

Zhang, L., Bai, Z. and Liu, L., 2016. Exceptional Thermal Conductance across
Hydrogen - Bonded Graphene/Polymer Interfaces. Advanced Materials Interfaces, 3(13).



88

5.2 Introduction
Material interfaces are crucial to determining the thermal properties of many
heterogeneous materials and structures including nanoelectronics, superlattice nanowires,
and nanocomposites.!!  Among them, polymeric nanocomposites incorporating

1] have demonstrated thermal conductivities in the order

graphene!® or carbon nanotubes
of 10 W m! K'!, much lower than that of their constituents, e.g. graphene (~5000 W m™!
K-') and carbon nanotubes (2000~6600 W m! K).l!121 The drastic discrepancy is not

[13.14] but is attributable to the interfaces

within the scope of the effective medium theory,
between the low-dimensional carbon materials and the polymeric matrix. In general, at
material interfaces, phonon transport is scattered which inhibits heat flow and lowers the
interfacial thermal conductance (or Kapitza conductance).['! Previous studies have shown
that the interfacial thermal conductance at the graphene/polymer and nanotube/polymer
interfaces are as low as 12-60 MW m? K13 which drastically compromises the
exceptional thermal properties of graphene and nanotubes, thereby reducing the overall
conductivities of the nanocomposites.

To improve the interfacial thermal conduction, interfaces between dissimilar
materials need to be engineered for reduced phonon scattering. Current approaches include,
but are not limited to, controlling interfacial adhesion,'*!® improving interfacial

stiffness,!?2%]

strengthening interfacial interactions,’*' and manipulating phonon
modes.!?323 For graphene/polymer nanocomposites, in particular, the interfacial thermal

transport can be improved by changing the orientation of few-layer graphene,’® grafting

graphene with polymer chains,*®! and functionalizing graphene for tailored phonon
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modes.!?” In the first approach, the improvement results from the high thermal conductivity
of graphene/graphite in the basal plane along with the enhanced interfacial coupling.[*%%"]
In the other two, the polymer chains and functional groups serve as thermal bridges to
couple the vibrational modes of graphene with those of the polymeric matrix, thereby
minimizing phonon scattering and improving thermal transport.

Despite the progress, little attention has been drawn to the manipulation of bonding
strength at the graphene/polymer interfaces for improved heat transfer. In most

(26.27] molecular interactions at material interfaces are dominated by van

nanocomposites,
der Waals forces. It is hypothesized that, interfacial heat transfer can be significantly
improved by enabling hydrogen bonds at the interfaces. The hypothesis is made based on
three reasons. First, the strength of hydrogen bonds ranges from 10 to 190 kJ mol ™!, 1~2
orders of magnitude higher than that of the van der Waals interactions.!***!! Second, recent
advances in surface treatment'*?! have made it relatively simple to anchor hydrogen-bond-
capable chemical groups to the graphene surfaces to enable hydrogen bonds with many
polymers. Third, hydrogen-bond-facilitated thermal conduction has been recently
demonstrated in several other material systems including crystalline polymer
nanofibers,*3! amorphous polymer blends,** along with silk B-sheets*>*¢! and o-
helices.?”*8] However, the use of hydrogen bonds to improve the interfacial thermal
transport at graphene/polymer interfaces has not yet been reported.

Here, using reverse non-equilibrium molecular dynamics along with various

vibrational mode and structural analysis tools, we demonstrate that the presence of

hydrogen bonds (in hydroxyl-functionalized graphene/PMMA composites) significantly



90
improves the thermal conductance across the graphene/polymer interfaces; and the
improvement is controllable by varying the density of hydrogen bonds. To provide more
physical insights, we analyzed the vibrational density of states at the material interfaces,
cumulative correlation between the vibrational modes, and the integrated autocorrelation
of interfacial heat power exchange. The analyses show that the incorporation of hydrogen
bonds improves the coupling of low-frequency vibrational modes at the interfaces between
the graphene and PMMA, which contributes directly to the enhancement of interfacial
thermal conductance. We further demonstrate that among all components of the hydroxyl-
functionalized graphene embedded in PMMA, the oxygen atoms in hydroxyl groups
(which are also hydrogen bond donors) contribute the most to the enhanced interfacial
thermal conductance. All these results suggest that hydrogen bonds improve the interfacial
thermal conductance, and hydrogen-bonded interfaces should be targeted for improving

heat transfer.

5.3 Results and Discussion

This study investigates three types of filler materials, i.e. pristine monolayer
graphene (Figure 5.1b), hydroxyl (-OH) functionalized graphene (Figure 5.1c), and methyl
(-CH3) functionalized graphene. They form different nanocomposites when embedded in
the amorphous PMMA matrix (e.g. Figure 5.1a). The three nanocomposites are denoted by
MLG, MLG-OH, and MLG-CH3, respectively. Among these three systems, MLG-OH is
the only one that can form hydrogen bonds at the graphene/PMMA interfaces (Figure 5.1c¢);

in the other two, filler materials interact with PMMA via van der Waals interactions only.
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Figure 5.1. (a) A molecular dynamics simulation system to calculate interfacial thermal
conductance: vertical layers of gold spheres: monolayer graphene or functionalized
graphene; blue, yellow, and green spheres: carbon, oxygen, and hydrogen atoms of the
PMMA matrix. Heat flow is generated from the “heat source” (red slab) to the “heat sink”
(blue slab) by using a velocity swapping scheme. (b) The interface between graphene (cyan)
and PMMA (grey) is dominated by van der Waals interactions. (c) The interface between
hydroxyl-functionalized graphene (cyan) and PMMA (grey) involves numerous hydrogen
bonds (red dashed lines). Temperature profiles generated in the systems incorporating (d)
graphene/PMMA interfaces and (e) hydroxyl-functionalized graphene/PMMA interfaces.

The hydroxyl group is appropriate to represent hydrogen-bond-capable functional

39421 The methyl group is a

groups because it is widely present in graphene surfaces.!
reasonable comparison to the hydroxyl group because of the similar molecular weights and
chain lengths. In both MLG-OH and MLG-CH3, functional groups are covalently bonded
to both sides of the graphene in “para” positions, which are the most energetically favorable
sites for functionalization.[*3! All systems have the same cross-sectional size of 34.45 A x
34.10 A, which is adequately large to account for the size effect on interfacial thermal

conductance for two reasons.®2744

First, a previous study of graphene/paraffin
nanocomposites has demonstrated that 85% and 93% of phonon contribution to the

interfacial thermal conductance can be captured when the simulation cell is larger than
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19.68 A and 39.39 A in the cross-section, respectively.®® Second, 35 A is sufficient to
account for the contribution of all vibrational modes to the thermal transport in amorphous
polymers.®) In all systems, the PMMA matrix is composed of 36 chains, each having 40
monomers. PMMA does not have hydrogen bonds by itself; but both oxygen atoms in an
ester group may serve as hydrogen bond acceptors, forming hydrogen bonds with the
hydroxyl groups anchored to the graphene.[*>*”! The thermal conductance at a
graphene/PMMA interface can be calculated by a ratio between the heat flux*®! and the

temperature drop across the interface (Figure 5.1d-¢).*Y]
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Figure 5.2. (a) Interfacial thermal conductance at graphene/PMMA (MLG), methyl-
functionalized = graphene/PMMA  (MLG-CHs), and  hydroxyl-functionalized
graphene/PMMA (MLG-OH) interfaces. Insets show unit cells of the filler materials (cyan:
carbon; white: hydrogen; pink: oxygen). (b) Temperature distributions near the MLG (top
panel) and MLG-OH (bottom panel) interfaces. Dark blue regions are gaps between the
filler material and the matrix.
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Figure 5.2a shows the graphene/PMMA interfacial thermal conductance in MLG,
MLG-CH3, and MLG-OH, respectively. The latter two have the same degree of
functionalization of 12.5% (see the insets of Figure 5.2a; 12.5% is the default degree of
functionalization in this work unless otherwise stated). By functionalizing the pristine
graphene with hydroxyl groups, the interfacial thermal conductance is increased by 218%,
from 88.68 MW- m2- K-! to 282.06 MW+ m- K°!; in comparison, functionalization with
methyl groups leads to a much less improvement of 91%. Given that hydrogen bonds are
stronger than van der Waals interactions, our result agrees with a previous prediction that
interfacial thermal conductance increases monotonously with the strength of interfacial
bonding.['®) Nevertheless, this result contradicts another study analyzing the interfaces
between graphene and paraffin (C3oHs2);1*” the work by Want et al. shows that, at the
degree of functionalization of 5.36%, methyl groups enhance the interfacial thermal
conductance by 67%, more than the improvement caused by hydroxyl groups (7%). This
result (i.e. methyl groups improve interfacial thermal conductance more than hydroxyl
groups) is opposite to our conclusion. The inconsistency results from a fundamental
difference between the material systems: PMMA in our work is hydrogen-bond-capable,
while paraffin is not. Simply put, the hydroxyl group outperforms the methyl group when
hydrogen bonds exist at the interfaces; and without hydrogen bonds, the hydroxyl group
becomes inferior, demonstrating the critical role of hydrogen bonds.
To directly visualize the effect of hydroxyl groups on interfacial thermal conduction,
Figure 5.2b plots the temperature distributions in both MLG and MLG-OH systems. As

shown in the top panel, thick gaps (dark blue) exist between the graphene and the PMMA
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due to the steric repulsion, which inhibits heat transfer leading to a sharp drop in the
temperature profile (Figure 5.1d). When the graphene is functionalized by hydroxyl groups
(bottom panel of Figure 5.2b), the gaps are partly diminished with stronger association
between the two materials, which helps spread the heat more effectively and evenly leading
to a lower temperature drop across the interfaces (Figure 5.1e).

To further demonstrate the high interfacial association enabled by hydrogen bonds,
Figure 5.3 plots the atomic number density of PMMA in the vicinity of graphene in all
three systems. Interfacial distance (which is defined as the distance from graphene to the
first peak of PMMA) is found to be 3.65 A, 4.63 A, and 6.51 A for MLG, MLG-OH, and
MLG-CH3, respectively. Due to the steric repulsion of functional groups, MLG-OH and
MLG-CH3 have further distributions of PMMA and larger interfacial distances than MLG
(also see Figure D.1). Between the two functionalized systems, MLG-OH shows a smaller
interfacial gap. The reasons are twofold. First, the strong hydrogen bonds attenuate the
steric repulsion at the material interfaces (right inset of Figure 5.3). Second, methyl groups
are tetrahedral and they interact with PMMA via weak van der Waals forces only, which
make the steric repulsion more significant (left inset of Figure 5.3). Due to the known
correlation between interfacial adhesion and thermal conductance,®!'®!” the smaller
interfacial distance in MLG-OH should improve thermal conductance. To further quantify
the interfacial adhesion in these three systems, we studied the mechanical strength at the
interfaces by pulling the graphene or functionalized graphene apart from the PMMA
(Figure D.2). Among the three systems, MLG-OH is shown to have the highest interfacial

strength (618.7 MPa) due to hydrogen bonds. MLG-CH3 has the lowest strength (427.4
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MPa) due to the steric repulsion. Both the interfacial distance and strength studies suggest
that, the interfacial hydrogen bonds in MLG-OH attenuate steric repulsion and strengthen
the interface, both contributing positively to improve the interfacial thermal conductance
over that achieved in MLG-CH3. A word of caution, though, is that the correlation between
interfacial strength and conductance seems to break down when comparing a “smooth”
graphene/PMMA interface and a “rough” methyl-functionalized graphene/PMMA
interface, as MLG-CHs shows a larger interfacial conductance but a lower interfacial

strength than MLG.
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Figure 5.3. Atomic number density of PMMA in the vicinity of graphene in the MLG,
MLG-CH3, and MLG-OH systems. The graphene is positioned at z = 0. Left and right
insets: snapshots of the MLG-CH3 and MLG-OH interfaces (gold: graphene; cyan, white,
and red: carbon, hydrogen, and oxygen in functional groups; green, blue, and yellow:
PMMA).
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Figure 5.4. Vibrational density of states (VDOS) of different components of (a) MLG, (b)
MLG-CH3, and (¢) MLG-OH.

Based on the acoustic mismatch and diffusive mismatch models,*” interfacial
thermal conductance is higher when the vibrational modes of two materials are better
matched.l'’! We calculated the vibrational density of states (VDOS) for the graphene,
functional groups (if exist), and PMMA, respectively, in all three material systems, shown
in Figure 5.4. It deserves noting that the diffusive mismatch model usually calculates the

phonon transmission coefficients by using the properties of bulk materials without
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involving real interfaces.!'! To address this issue, our calculations were performed in the
vicinity of the graphene only (maximum 15 A from the graphene).

Figure 5.4a shows that in MLG, the VDOS peaks of PMMA and graphene have
significant mismatch, especially at low frequencies. By comparison, the other two systems
show well matched VDOS between the functional groups and the PMMA matrix (Figure
5.4b-c): in MLG-CH3, VDOS peaks overlap at 6.60, 9.28, 23.93, 40.89, 44.43, and 89.36
THz; and in MLG-OH, VDOS peaks overlap at 5.98, 7.56, 14.52, and 40.53 THz. In
particular, MLG-OH shows more significant coupling between the low-frequency
vibrational modes, which are important to improving interfacial thermal transport.[**! We
further separate the in-plane vibrational modes from the out-of-plane ones. It is found that,
in MLG, the matched vibrational modes (between graphene and PMMA) are mainly of the
out-of-plane type (Figure D.3a-b). This result is consistent with a previous finding that the
coupling between the out-of-plane vibrational modes of graphene and a polymer (phenol
formaldehyde) at low frequencies offers the most important channel for thermal transport
across the interfaces.[*l We further discover that, in MGL-OH and MLG-CHj3, the matched
low-frequency vibrational modes (between functional groups and PMMA; < 20 THz) are
mainly of the in-plane type (Figure D.3c-f).

To clearly show the coupling of low-frequency vibrational modes which
denominate interfacial thermal transport, the cumulative correlation factor (see Methods)
is employed to quantitatively study the coupling of vibrational modes up to a cutoff
frequency, at the interface between two materials. A high cumulative correlation factor at

a low cutoff frequency would indicate good coupling of low-frequency vibrational modes
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and hence, imply high thermal conductance across the interface.[**! Since the coupling
between graphene and PMMA is comparable in all three material systems (Figure D.4c-
d), this discussion is focused on the coupling between functional groups and PMMA.

Figure 5.5 plots the cumulative correlation factors between hydroxyl and PMMA
in MLG-OH, between methyl and PMMA in MLG-CHs3, and between graphene and
PMMA in MLG. Four regions are defined. In region I (< 28.08 THz), the cumulative
correlation factor between hydroxyl and PMMA in MLG-OH is ranked the highest. In the
other two primary regions (II and IV), the cumulative correlation factor between methyl
and PMMA in MLG-CHs3 is ranked the highest, particularly when the frequency exceeds
89 THz; the sharp increase at ~89 THz agrees with the overlapping of peaks at 89.36THz
as shown in Figure 5.4b. All these results support the finding that MLG-OH has the highest
interfacial thermal conductance. Indeed, the primary contributor to interfacial thermal
conduction is the coupling of low-frequency vibrational modes, which is the most
significant in MLG-OH due to the hydrogen-bond-capable hydroxyl groups, as shown in
Figure 5.5. Furthermore, the high coupling between hydroxyl and PMMA is found to be
mainly associated with the in-plane vibrational modes (Figure D.4a-b). In addition, we note
that the cumulative correlation factor defined is exactly the same as the correlation factor
used in the literature,!*”>%! when the cutoff frequency exceeds the maximum frequency of
all vibrational modes. Therefore, the correlation factors for graphene/PMMA in MLG,
hydroxyl/PMMA in MLG-OH, and methyl/PMMA in MLG-CH3 can be extracted from

Figure 5.5, respectively, as 0.009, 0.011, and 0.029. These results are in reasonable
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agreement with the reported values of 0.006, 0.007, and 0.437 for similar systems with
paraffin as the matrix.!*”]

We further study the integrated autocorrelation of interfacial heat power, to enable
a quantitative evaluation of the contributions made by different thermal conducting
channels to the interfacial thermal transport. Fundamentally, interfacial thermal
conductance is proportional to the integrated autocorrelation of interfacial heat power at a

material interface.

Graphene/PMMA in MLG
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Figure 5.5. Cumulative correlation factor calculated between the graphene and PMMA in
MLG, between the hydroxyl groups and PMMA in MLG-OH, and between the methyl
groups and PMMA in MLG-CH3s. Four regions are defined (I: <28.08 THz; II: <40.4 THz;
III: <44.7 THz; IV: > 44.7 THz).
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Figure 5.6. The integrated autocorrelation of interfacial heat power (a) between the
graphene and PMMA in MLG, (b) between three components of the functionalized
graphene (i.e. sp* carbon atoms, and the carbon and hydrogen atoms from the methyl
groups) and PMMA in MLG-CH3, and (c¢) between three components of the functionalized
graphene (i.e. sp? carbon atoms, and the oxygen and hydrogen atoms from the hydroxyl
groups) and PMMA in MLG-OH.

Figure 5.6 plots the integrated autocorrelation of interfacial heat power for: (a) one
channel (i.e. sp* carbon atoms of graphene) in MLG, (b) three channels (i.e. sp* carbon
atoms of graphene, carbon atoms of methyl groups, and hydrogen atoms of methyl groups)
in MLG-CH3, and (c) three channels (i.e. sp* carbon atoms of graphene, oxygen atoms of
hydroxyl groups, and hydrogen atoms of hydroxyl groups) in MLG-OH. Each channel is
associated with an essential component of the filler material, and this study aims to
understand how these channels contribute differently to the interfacial thermal transport.
Note that, the sp® carbon atoms of the functionalized graphene are excluded from this

discussion due to the screening by functional groups (Figure D.5).
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Figure 5.7. Interfacial thermal conductance versus the degrees of functionalization in
MLG-OH and MLG-CHs. Inset shows the sites of functionalization (6.25%
functionalization: yellow; 12.5% functionalization: magenta; 25% functionalization:
yellow, green, and magenta).

Among all the channels in the three material systems, the channel associated with
the oxygen atoms in hydroxyl groups is found to contribute the most to the interfacial
thermal conductance (Figure 5.6). By contrast, the contribution made by the carbon atoms
in methyl groups is negligible, mainly due to the screening by the hydrogen atoms in the
tetrahedral structures. In both MLG-OH and MLG-CH3, the contributions made by the sp?
carbon atoms in graphene are lower than that in MLG, due to the screening by functional
groups; and the contributions made by the hydrogen atoms in functional groups are
comparable. The dominance of hydrogen bond donors (i.e. oxygen atoms in hydroxyl
groups), again, supports the importance of hydrogen bonds in improving interfacial thermal

conductance.
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The enhanced interfacial thermal conductance is tunable in a wide range by varying
the degree of functionalization. To study this effect, we calculated the interfacial thermal
conductance for MLG-OH and MLG-CH3 at the degree of functionalization of 6.25 %,
12.5 %, and 25 %, respectively (see the inset of Figure 5.7). As shown in Figure 5.7, the
interfacial thermal conductance in MLG-OH increases with the degree of functionalization,
and shows a tendency to converge at high degrees of functionalization. In MLG-CH3, the
interfacial thermal conductance first increases and then decreases achieving a maximum at
the 12.5% functionalization. Furthermore, the enhancement due to functionalization is
more significant in MLG-OH. At the 6.25% functionalization, hydroxyl and methyl groups
enhance the interfacial thermal conductance by 60% and 39%, respectively, which is quite
different from 7% and 67% previously reported for the interfaces between paraffin and
graphene at the degree of functionalization of 5.36%;*") the discrepancy is caused by the
hydrogen-bond-forming capability of PMMA. When the degree of functionalization is
increased to 25%, hydroxyl groups enhance the interfacial thermal conductance by 273%,
while methyl groups only lead to an improvement of 80%. All these results demonstrate
the advantages of using hydrogen-bond-capable functionalization to improve interfacial
thermal conduction.

The convergence shown in Figure 5.7 for MLG-OH can be understood by analyzing
the formation of hydrogen bonds and the integrated autocorrelation of interfacial heat
power. Figure 5.8a plots the number of hydrogen bonds formed between the hydroxyl-
functionalized graphene and PMMA on one side of the graphene. As the degree of

functionalization increases from 6.25% to 12.5% and 25%, the number of hydrogen bonds
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increases from 4.59 to 8.45 and 11.46. Despite the increase, the rate of hydrogen bond
formation (defined by the total number of hydrogen bonds divided by the total number of
hydrogen-bond-capable functional groups) is reduced from 32.8% to 30.2% and 20.5%.
This reduction results from the saturation of hydrogen bonding in the hydrogen bond
acceptors, i.e. oxygen atoms in the ester groups of PMMA. Figure 5.8b plots the converged
integrated autocorrelation of interfacial heat power function for the three thermal
conducting channels in MLG-OH, at different degrees of functionalization (see Figure D.6
for full curves). The main contributor, i.e. oxygen atoms in hydroxyl groups, also shows a
tendency to converge (Figure 5.8b), which is consistent with the trend shown in the
interfacial thermal conductance (Figure 5.7) and the rate of hydrogen bond formation
(Figure 5.8a). Meanwhile, the channel associated with the sp? carbon atoms shows a

descending trend, due to the increased screening by functional groups.
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Figure 5.8. (a) Number of hydrogen bonds versus time at a hydroxyl-functionalized
graphene/PMMA interface (the graphene is functionalized at the degree of
functionalization of 6.25%, 12.5% and 25%). Dashed lines show the averages. (b)
Converged integrated autocorrelation of interfacial heat power between PMMA and three
components of the hydroxyl-functionalized graphene (i.e. sp* carbon atoms, and the
oxygen and hydrogen atoms from the hydroxyl groups) at three degrees of
functionalization.
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Figure 5.9. (a) Atomic number density of PMMA in MLG-CHj3 with different degrees of
functionalization. The graphene is positioned at z = 0. Left and right insets: snapshots of
the interfaces at 6.25% and 25% degrees of functionalization. (b) Converged integrated
autocorrelation of interfacial heat power between PMMA and three components of the
methyl-functionalized graphene (i.e. sp* carbon atoms, and the carbon and hydrogen atoms
from the methyl groups) at three degrees of functionalization.

To understand the “bell-shaped” interfacial thermal conductance in MLG-CH3, we
analyzed the effects of the degree of functionalization on the distribution of PMMA and
the integrated autocorrelation of interfacial heat power. Based on the plots of atomic
number density in Figure 5.9a, the PMMA is “pushed” away from the graphene by the
increased functional groups. This is also demonstrated in the insets of Figure 5.9, where
dense functional groups prevent PMMA from staying in between. The increased separation
between graphene and PMMA will inevitably reduce thermal transport via the channel
associated with the sp? carbon atoms. This is supported by Figure 5.9b, where the
contribution made by the sp? carbon atoms is shown to decrease significantly with the
increasing functionalization (see Figure D.7 for full curves). Meanwhile, the contributions
made by the carbon and hydrogen atoms in methyl groups both increase. These two factors

(i.e. weakened channel of sp? carbon atoms and strengthened channels associated with the
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methyl groups) compete, leading to the “bell-shaped” interfacial thermal conductance in
MLG-CH3. Similar phenomena are not present in MLG-OH. In fact, in MLG-OH, the steric
repulsion at high degrees of functionalization is significantly compromised by the strong
attraction of hydrogen bonding. This is supported by Figure D.8, where PMMA is shown
to be closer to the hydroxyl-functionalized graphene than the methyl-functionalized
graphene. The result, again, demonstrates the unique advantages enabled by hydrogen

bonds in improving interfacial thermal transport.

5.4 Conclusion
Interfaces between dissimilar materials play a key role in various thermal transport
processes, which strongly depend on not only the coupling of vibrational modes between

15,20,22,23.49.,511 This work demonstrates

materials, but also the strength of interfacial bonding.!
that, facilitated by hydrogen bonds, the hydroxyl-functionalized graphene/PMMA
interfaces have much improved thermal conductance, 218% higher than that of the pristine
graphene/PMMA interfaces and 68% higher than that of the methyl-functionalized
graphene/PMMA interfaces. The improvement is attributed to three main factors. First, the
strong hydrogen bonds enhance interfacial association and counteract the steric repulsion
of functional groups, leading to thermally less abrupt interfaces and more effective thermal
transport. Second, hydrogen bonds improve the coupling of low-frequency vibrational
modes between materials, which further reduces phonon scattering. Third, the hydrogen
bond donors (i.e. oxygen atoms in hydroxyl groups) form the most effective thermal

conducting channel among all components of the functionalized graphene, serving as

“thermal bridges” to drastically enhance thermal conduction. All these effects vary with
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the degree of functionalization. At the hydroxyl-functionalized graphene/PMMA
interfaces, higher degree of functionalization leads to the saturation of hydrogen bonds and
the convergence of interfacial thermal conductance. At the methyl-functionalized
graphene/PMMA interfaces, higher degree of functionalization weakens the thermal
conducting channel of sp? carbon atoms while enhancing the channels associated with the
functional groups, leading to a “bell-shaped” curve of interfacial thermal conductance. All
these results suggest that hydrogen-bonded interfaces should be targeted to improve the
interfacial heat transfer in nanocomposites and many other heterogeneous materials and
structures for a wide range of applications. It is worthy to note that covalent
functionalization has been shown to lower the in-plane thermal conductivity of graphene
while improving the interfacial thermal conductance.!”>>3! While the present study has shed
light on improving directional thermal conduction perpendicular to material interfaces, the
effects on a nanocomposite with randomly oriented fillers will involve both interfacial
thermal conductance and the in-plane conductance which is yet to be studied. This will be

a topic for our future study.

5.5 Experimental Section

5.5.1 Interfacial Thermal Conductivity Calculations

Interfacial thermal conductivity was calculated using the reverse non-equilibrium
molecular dynamics (RNEMD) method.[*8] The entire system was divided into 200 slabs
along the direction of intended heat flow (i.e. z-direction in Figure 5.1a). Heat flux was
induced from the “heat source” slab (i.e. the red slab) to the “heat sink” slab (i.e. the blue

slab) by using a velocity swapping approach. Specifically, the velocity of the “hottest”
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atom (with the highest kinetic energy) in the “heat sink” was swapped with that of the
“coldest” atom (with the lowest kinetic energy) in the “heat source”, following a virtual
elastic collision model™ where energy and momentum are both conserved. Continual
velocity swapping led to higher temperature in the “heat source” slab than that in the “heat
sink” slab, forming a temperature difference and heat flux in the system. The temperature
difference in our simulations was controlled to be 45 K +5 K, by carefully adjusting the
frequency of velocity swapping. The induced heat flux was evaluated by J = 4E / (2tA4),
where ¢ is the time interval between two swaps, AE is the averaged kinetic energy
transferred per swap, A4 is the cross-sectional area of the material, and the coefficient “2”
accounts for the two symmetric heat transport paths in the system from the “heat source”
to the “heat sink”. Interfacial thermal conductance (G) was derived by G = J / AT, where
AT is the temperature drop across graphene/polymer interface, as illustrated in Figure

5.1d-e.

5.5.2 Molecular Dynamics

All molecular dynamics simulations were performed using LAMMPS.!>l OPLSAA
force field**>71 was employed to describe the interatomic interactions for two reasons. First,
it has been widely used to simulate graphene,® polymers,[®*!l and their interfacial
properties. Second, OPLSAA has been reported to be the most effective force field in
reproducing the energy of hydrogen bonds and maintaining the stability of several
hydrogen-bonded molecular complexes.[®?! The geometric mixing rule was used to
evaluate the non-bonded parameters between different types of atoms. Particle-particle

particle mesh method (PPPM) was adopted to account for the long-range Coulomb’s
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interactions with a root mean square accuracy of 10*. The models of PMMA, graphene,
and functionalized graphene were separately prepared and fully equilibrated. The structure
of PMMA was created using the self-avoiding random walks method.!’! The initial
structure was relaxed in NPT at 300 K and 1 atm for 1 ns, and then relaxed in NVT at 300
K for 1 ns. Similar procedures were applied to relax the models of graphene and the
functionalized graphene. Then, the graphene/PMMA nanocomposites were built by
sandwiching the filler material between well relaxed PMMA (Figure 5.1a). Periodic
boundary conditions were applied along all three directions. Each nanocomposites system
was first minimized using the conjugate gradient algorithm, and then annealed using NVT
to remove the residual stress. During the annealing treatment, the system was first heated
up from 300 K to 500 K for 200 ps, then relaxed at 500 K for 500 ps and finally, cooled
down to 300 K for 200 ps. After annealing, the system was relaxed again in NPT at 300 K
and 1 atm for 500 ps, followed by the relaxation in NVT at 300 K for 500 ps. In all the
simulations described above, time step was set to be 1 fs. In all the following simulations,
time step was set to be 0.25 fs to fully capture the hydrogen bonding interactions. Each
system was equilibrated again using the smaller time step (relaxed in NVT at 300 K for 1
ns and then relaxed in NVE for 1ns). With this procedure, all systems were fully relaxed
for the subsequent RNEMD analysis to calculate the interfacial thermal conductance, and
the equilibrium molecular dynamics analyses for extracting VDOS, integrated
autocorrelation of interfacial heat power, and the number of hydrogen bonds, as described

below.
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5.5.3 Vibrational Density of States (VDOS)
VDOS provides valuable insights into the vibrational modes for all atoms in a
system, or a group of selected atoms. It is calculated by the Fourier transformation of the

velocity autocorrelation function (VACF):

VDOS(f) = IO” e 2IC (1) dr 5.1)

Here, VDOS(f) is the VDOS at the frequency of f, and CV(T) is a normalized
VACEF defined by:

(¥(2)-9(0))

“O=5070)

(5.2)

where ¥(7r) is the velocity vector of an atom as a function of time 7, <> denotes

the average for a group of selected atoms, and <\7(T) Y (O)> is given by:

M=

(70 5(0) = (30m0) 50)) = 3 5

V. (jAL) -V, (j At + mA?) (5.3)

1

<
1l

Here, At is the sampling interval of velocity and the interval of autocorrelation time,
m 1s given a value such that the product of m and Ar equals to the autocorrelation time, N
is the total number of atoms, i is the ith atom, j varies from 0 to N’ such that the summation
ranges over all snapshots in the sampling series, and “3” refers to the length of the velocity
vector.

To calculate the out-of-plane partial VDOS, only the z-components of velocities
are included in the calculation of \ZGN)\Z(]AH'WW) , and “3” is replaced by “1”. To

calculate the in-plane partial VDOS, only the x and y components of velocities are included
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in the calculation of 17,(] At)\_;,(] ANt +mAY) | and “3” is replaced by “2” . In this study, At

is set to be 2 fs (i.e. 8 time steps in the simulation), and m ranges from 0 to 8192. The
velocity autocorrelation function for each case is an average of five separate runs of the
molecular dynamics simulations, to achieve acceptable coverage of frequency and

resolution of VDOS.

5.54 Cumulative Correlation Factor

To quantify the match/mismatch between the VDOS of different materials at their
interfaces, a cumulative correlation factor (M) is defined based on the correlation factor
defined in the literature.>** An important feature of the cumulative correlation factor is

that it quantifies the match or agreement between two sets of VDOS up to a specific cutoff

frequency (/). The equation of M reads:

L{ VDOSPMMA (f )‘VDOSX (f ) df

M (f)=— =
[, VDOS, (/) df - | VDOS . (1) df

(5.4)

where VDOSprmma denotes the VDOS of PMMA while VDOSx denotes the VDOS
of X (which can be graphene, or hydroxyl groups, or methyl groups). A lower cumulative
correlation factor would indicate a more significant mismatch in the VDOS below the
cutoff frequency. When ]_( approaches infinity or larger than the maximum frequency of

all key vibrational modes, the cumulative correlation factor is identical to the correlation

factor.
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5.5.5 Integrated Autocorrelation of Interfacial Heat Power

Based on the Green-Kubo relationship, interfacial thermal conductance is

correlated with the fluctuation of the heat power exchanged across an interface./®¥

Specifically, interfacial thermal conductance (G) is proportional to the integrated

autocorrelation of interfacial heat power:
G [ (p)-p(0)) dt (55)

Here, < p(t)- p(0)> denotes the autocorrelation of the interfacial heat power, and

p(t) is the instantaneous interfacial heat power exchanged between the matrix and a group

of selected atoms of the filler material:[]

p)= Z F;j"ji_ Z F‘ji"_}.j (5.6)
iePMMA i€ePMMA
jeX jeX

where PMMA means the matrix, X means a group of atoms from the filler material,
ﬁ,j is the force vector on atom i exerted by atom j, and\?is the velocity vector of atom i. The

integrated autocorrelation of interfacial heat power decays to a finite value when the
autocorrelation time is infinitely long. Molecular dynamics simulations were performed to
calculate the integrated autocorrelation of interfacial heat power. Since the integrated
autocorrelation of interfacial heat power oscillates with time, only the last half period of
oscillation (see Figure D.9) in the tail of the 40 ps autocorrelation time was averaged to
approximate the converged integrated autocorrelation of interfacial heat power. The error

was estimated by the difference between the averaged value and the maximum value of the
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last half period of oscillation. Five separate molecular dynamics runs were performed to

achieve more reliable results.

5.5.6 Identification of Hydrogen Bonds

Hydrogen bonds were identified for the purposes of visualization and discussion
(e.g. Figure 5.8a). Although there are several different criteria available for identifying
hydrogen bonds,*!! we employed the default criterion used by VMD (Figure D.10).1° The
criterion includes two parts: 1) the distance between the hydrogen bond donor (D) and the
acceptor (A) is less than 3.0A, and 2) the angle of D-H-A is less than 20 degrees. Using
different criteria would result in slightly different numbers of hydrogen bonds. However,
this would not affect molecular dynamics simulations since no identification of hydrogen
bonds is involved. Moreover, using different criteria would not affect the major

conclusions drawn from this study.
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CHAPTER 6
POLYMERIC SELF-ASSEMBLED MONOLAYERS ANOMALOUSLY IMPROVE

THERMAL TRANSPORT ACROSS GRAPHENE/POLYMER INTERFACES

6.1 Abstract

Ultralow thermal conductivities of bulk polymers greatly limit their applications in
areas demanding fast heat dissipation, such as flexible electronics and microelectronics.
Therefore, polymeric composites incorporating highly thermally conductive filler
materials (e.g. graphene and carbon nanotubes) have been produced to address the issue.
However, despite some enhancement, thermal conductivities of these materials are still far
below theoretical predictions, mainly due to the inefficient thermal transport across
material interfaces. Here, using molecular dynamics simulations, we demonstrate that
polyethylene (PE) self-assembled monolayer (SAM) functionalized graphene surfaces at
a high grafting density can drastically improve interfacial thermal conduction between
graphene and the matrix of poly (methyl methacrylate) (PMMA). In contrast to abrupt
temperature drop across pristine graphene/PMMA interfaces, temperature field in the
vicinity of a PE-grafted graphene/PMMA interface is continuous with a smoother transition
and higher thermal conductance. This anomalous improvement is attributed to three factors
that closely relate to the grafting density of the SAM of PE. First, the SAM with high
grafting densities features highly extended chains that enhance along-chain thermal

conduction. Second, the strong covalent bonding between the SAM and the graphene

This chapter is accepted by ACS Applied Materials & Interfaces. Coauthor:
Professor Ling Liu.
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facilitates heat transfer at their joints. Third, the SAM and the PMMA matrix are both
organic materials, leading to enhanced interfacial vibrational coupling. Molecular
mechanisms underpinning these phenomena are systematically elucidated by analyzing the
temperature field, density distribution, Herman’s orientation factor, the vibrational density
of states, cumulative correlation factor, the integrated autocorrelation of interfacial heat
power, and interfacial adhesion. All results suggest the incorporation of SAMs at a high
grafting density or extremely extended polymer brushes for drastically improved interfacial

thermal transport between hard and soft materials towards a wide range of applications.

6.2 Keywords
Interfacial thermal conductance, self-assembled monolayers, functionalized

graphene, polymeric composite, molecular dynamics

6.3 Introduction

Compared with other solid materials including metals and ceramics, polymers
feature a unique combination of low density, excellent ductility and flexibility, a wide
spectrum of electrical insulation, and good chemical stability. These advantages make
polymers a promising material for optoelectronic devices,! wearable devices,? flexible
electronics,’ and other applications.* Nevertheless, polymers have a crucial bottleneck that
greatly limits their applications in organic electronics and microelectronics, i.e. their low
thermal conductivities in the order of 0.1 W m™! K-!. Enormous efforts have been devoted
to improving the thermal transport properties of polymers, which typically fall into three
categories. First, control the morphology of polymer chains to take advantage of the

highly efficient thermal transport process in extended polymers.>® Second, engineer
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interchain molecular interactions in both amorphous and nanocrystalline polymers to create
new and enhance existing thermal transport pathways.” Third, introduce materials of high
thermal conductivities, e.g. graphene with the conductivity of ~5000 W m™' K1,'° to form
composites with enhanced properties.!! The first two methods have shown tremendous
success in improving the thermal conductivity of polymers, but both of them lack a facile
method for mass-production of the materials.> The third method implies multifunctionality
and easier mass production. For instance, various graphene/polymer composites have
demonstrated unique electrical,'? dielectric,'* and mechanical properties,'* which greatly
extend their applications in various fields such as electrochemical devices and actuators.'>
' However, the thermal properties of the produced composite materials are often below
expectations.

Thermal transport in polymer nanocomposites and nanodevices is usually
compromised by material interfaces that widely exist between material constituents.
Improved dispersion of filler materials including graphene can significantly boost the
overall thermal'” and mechanical properties'® of various composite materials. The methods
that can achieve this goal include hydrogen passivation and ultrasonication,'® chemical or
physical functionalization,'” and mechanical methods.!” With well-dispersed filler
materials, thermal transport efficiency at individual interfaces becomes critical, which
underscores the significance of the present research. At these interfaces, heat carriers such
as phonons are scattered, lowering interfacial thermal conductance (Kapitza conductance).
In principle, interfacial thermal resistance is dominated by the mismatch between the

vibrational density of states of two materials forming the interface.2’ Typically, materials
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with drastically dissimilar properties, e.g. organic and inorganic materials, have low
overlap in the vibrational density of states, resulting in strong interfacial phonon scattering
and low interfacial thermal conductance. Among the wide spectrum of frequencies,
coupling of phonons in low frequencies is more important in determining interfacial
thermal transport;*! and such coupling is recently found to be directly correlated with
interfacial bonding.?>** Since most nanocomposites have weak interfaces governed by van
der Waals interactions, they have low thermal conductivities of only 60~80 MW m™ K-
1 21.24 significantly below the predictions made by the effective medium theory assuming
perfect interfaces.

Interfacial thermal conduction may be drastically improved by structurally and

22.25 ¢ g. noncovalent or covalent functionalization. %"

chemically tuning material interfaces,
3% For example, by noncovalently functionalizing the octane/graphene interface with
phonon-spectrum linker molecules alkyl (Cs)-pyrene, the out-of-plane interfacial thermal
conductance can be improved by 22% due to the drastically reduced vibrational
mismatch.?® A similar extent of improvement of about 25% has been achieved between
graphene and epoxy, by using a 2.38% coverage of 1-pyrenebutyl, 1-pyrenebutyric acid,

or 1-pyrenebutylamine on graphene surfaces.?’

Compared with noncovalent
functionalization, covalent functionalization of graphene has shown more improvements
to interfacial thermal conductance, mainly due to the stronger interfacial bonding. Among
many candidates for functionalizing graphene, butyl was reported to be one of the best

performings at graphene/epoxy?’ and graphene/polyethylene®® interfaces. The

improvement was found as high as 400%?7 at a 9.52% coverage and 129%® at a 5.36%
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coverage, respectively. To further elucidate the importance of interfacial bonding, we
compared two functional groups, i.e. methyl and hydroxyl, which have different molecular
interactions with the poly(methyl methacrylate) (PMMA) matrix. While the methyl group
only forms weak van der Waals interactions with PMMA, the hydroxyl group enables the
much stronger hydrogen bonding. Molecular dynamics simulations have demonstrated that,
due to the stronger interfacial hydrogen bonding, hydroxyl-functionalized graphene has
273% higher interfacial thermal conductance than the pristine graphene in PMMA.*! In
addition to this solid/solid interface, hydrogen bonding has also been reported to serve as

an efficient thermal transport pathway>!-3

and significantly improve interfacial thermal
transport at solid/liquid interfaces, e.g. the gold/organic liquid interface.>?

Despite the significant progress, improving interfacial thermophysical performance
by manipulating the conformation of functional molecules has not been fully understood.
In this study, we probe the use of self-assembled monolayers (SAMs) for controlling
interfacial thermal transport between graphene and polymers. SAMs are thin molecular
assemblies spontaneously formed on surfaces by physical or chemical adsorption.3*33
Modification of surfaces or interfaces with SAMs has been a routine approach to control
surface/interface properties such as adhesion,*® friction,>” wetting*® thermal

333941 and electronic properties*? for a wide range of applications in

properties,
biotechnology and nanotechnology.* Surface functionalization of graphene with polymer
molecules can be achieved by atomic transfer radical polymerization,** irradiation-induced
46

polymerization,® ring-open metathesis polymerization,'® thiol-ene click reactions,

esterification/amidation reactions,*’ etc. In situ measurements demonstrated that SAMs
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have several growth regimes including the striped phase, transition phase, and dense
phase.*®* Each phase has a distinct molecular structure with a certain coverage density on
the surfaces. At the early stage, the coverage density is low, and molecules are flat on the
surface. With the increased coverage densities, more molecules “stand up” from the surface,
forming a crystalline structure upon surface saturation. Morphology of the polymer
molecules and their coverage density both affect interfacial thermal transport significantly.

Here, we demonstrate that polymeric SAMs can significantly increase interfacial
thermal transport between monolayer graphene and the polymer matrix. Molecular
dynamics simulations were applied to study interfacial thermal transport between PMMA
and graphene with the SAMs of polyethylene at varying densities. Most of the previous

studies on SAMs-facilitated interfacial thermal conductance are related to metals,??*!

or
focus on the effect of bonding strength between SAMs and surrounding materials,?>* and
little attention is paid to the effect of molecular morphology on thermal transport
efficiency. To provide more physical insights, temperature field, density distribution,
Herman’s orientation factor, the vibrational density of states, cumulative correlation factor,
the integrated autocorrelation of interfacial heat power, and interfacial adhesion were
analyzed. These analyses enable a systematic investigation of correlations between the
coverage density, chain conformation and orientation, and thermal energy transport. These

results would provide a fundamental understanding in applying SAMs to tune interfacial

thermal conductance between hard and soft materials towards a wide range of applications.
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PBC

Heat Sink Heat Flow Heat Source Heat Flow Heat Sink

Figure 6.1. (a) Atomistic model of the graphene/polymer interface: a graphene monolayer
(green) is functionalized with polyethylene (PE) chains (orange), and sandwiched in
between two blocks of the poly (methyl methacrylate) (PMMA) matrix (blue). (b) A 3D
view of the PE-functionalized graphene. (c) A representative temperature profile generated
by reverse non-equilibrium molecular dynamics (RNEMD) simulation. Here, 2AT is the
total temperature drop across the interfaces; and d7/dZ is the temperature gradient in
PMMA. (d) An example computational system for RNEMD simulation with periodic
boundary conditions (PBC) applied along all directions.

6.4 Computational Methods

6.4.1 Models

Atomistic models of multiple PMMA/graphene interfaces (Figure 6.1a) were
prepared for molecular dynamics (MD) simulations. Graphene was functionalized by
different numbers of polyethylene (PE) chains within a cross-sectional area of 34.45 A x
34.10 A. On the one hand, PE chains are chosen to functionalize graphene for the following
reasons. First, butyl group as a short PE molecule was found to be one of the best to
functionalize graphene for high interfacial thermal conductance across graphene/epoxy?’

and graphene/polyethylene®® interfaces. Second, extended PE nanofibers were reported
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to have extremely high thermal conductivity from 50 W m™' K- to 104 W m™! K1,5°% and
single extended PE chain even has thermal conductivity larger than 350 W m™' K™'.>! One
of the motivations of this study is to take advantage of the high thermal conductivity of PE
crystalline chains. Third, a linear PE chain is composed of repeat units of small side groups,
and hence it represents an ideal candidate to study the structure effect on interfacial thermal
transport theoretically. On the other hand, PMMA is chosen as the matrix since it is widely
used in polymer composites and the bonding strength between PMMA and functionalized
graphene can be manipulated by bond design, e.g. using hydrogen bonds, in the future
study.

All PE chains were uniformly and covalently bonded to both sides of the graphene.
The systems are abbreviated as “GXPES”, where “X” denotes the number of PE chains
attached to each side of the graphene (See (Figure 6.1b) and “8” represents the number of
repeat units, i.e. C2Hs, in each PE chain. When “X” is large, polymer chains are attached at
a high density, leading to the crystalline polymer monolayer as illustrated in (Figure 6.1b.
Initial models of PMMA were built by the self-avoiding random walk method with 40
repeat units per chain. Graphene and PE-functionalized graphene were built by using our
in-house code. All material constituents were fully equilibrated, respectively, before being
merged in VMD?>2 to form the nanocomposite ((Figure 6.1d). The cross-section of each
system was made large enough to overcome intrinsic size effects on interfacial thermal
transport.' 24 According to a previous study on the graphene/paraffin interface, 35 A is
sufficient to account for dominant contributions by all vibrational modes to interfacial

thermal conduction.!! Periodic boundary conditions were applied along all directions. It is
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worth noting that the PE chains in our model are free from agglomeration despite the
immiscible nature of PE and PMMA blends.>*>* In the present model, PE chains are
covalently bonded to graphene and they are relatively short. The relatively high bending
rigidity of short PE chains, together with the high stiffness of graphene, makes the PE
chains difficult (and in some cases impossible) to agglomerate or fully contact with

graphene.

6.4.2 Equilibration
MD simulations were performed using LAMMPS.>> The OPLSAA force field¢>’
was employed to describe interatomic interactions, which has been widely used to simulate

graphene,?® polymers,’s>

and their interfaces. Initial structures of polymers were
minimized using the conjugate gradient algorithm, followed by the relaxation in NPT at
300 K and 1 atm for 1 ns, and then in NVT at 300 K for 1 ns. Minimization and annealing
were then applied to remove residual stresses. For annealing, the system was first heated
up to 800 K from 300 K within 300 ps, relaxed at 800 K for 500 ps, and finally cooled
down to 300 K in 300 ps. After that, the system was relaxed for 500 ps in NPT at 300 K
and 1 atm, followed by the relaxation of 500 ps in NVT at 300 K. Time step size was fixed
to be 1 fs in equilibration, and 0.5 fs in subsequent production runs. To prepare for

production runs, structures were further equilibrated for 1 ns in NVT at 300 K, with the

reduced time step of 0.5 fs.

6.4.3 Interfacial Thermal Conductance.
Reverse non-equilibrium molecular dynamics (RNEMD) was applied to calculate

interfacial thermal conductance using computational systems illustrated in (Figure 6.1d.
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Numerically imposing a heat flux by velocity swapping, RNEMD calculates temperature
drop (AT) across the interface (e.g. (Figure 6.1c) and heat flux (J) in the system to find
interfacial thermal conductance using G = J/AT. In this study, each system was divided into
100 slabs along the direction of intended heat flow, i.e. the z-direction in (Figure 6.1d.
Heat flux was generated from the “heat source” slab (red) to the “heat sink™ slab (blue) by
swapping the kinematic energies of the hottest atom in the heat sink and the coolest atom
in the heat source. A virtual elastic collision model®® was applied to maintain energy and
momentum conservation during velocity swapping. After the system reached the steady
state, AT was evaluated from the temperature profile; and J was calculated by J = AE/(2tA4),
where ¢ is the time interval of velocity swapping, 4E is the averaged kinetic energy
transferred per swap, 4 is the cross-sectional area of the system, and the coefficient “2” is
due to the two symmetric heat transport paths in the system. To achieve results of higher
fidelity, 24T was controlled to be 45 K +5 K in this study for all systems by carefully
adjusting the frequency of velocity swapping. Interfacial thermal conductance was
calculated by using the RNEMD data sampled over 50 ns after the system reached the
steady state. A by-product was the thermal conductivity of PMMA, which was calculated
based on the RNEMD data by using K = J/(d7/dz), where d7/dz is the temperature gradient
in PMMA ((Figure 6.1c). To verify G calculated by RNEMD, nonequilibrium molecular
dynamics method (NEMD) was adopted as an alternative approach. There are two
differences between RNEMD and NEMD. First, NEMD only analyzes half of the system

used in RNEMD (e.g. the non-gray part in Figure E.1). Second, NEMD fixes the
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temperature of both heat sink and source; in this work, they were fixed at 250 K and 400

K, respectively, by Langevin thermostats.

6.4.4 Temperature Contour and Atomic Number Density

NEMD was also used to calculate temperature contours of the system. At the steady
state, data of atomic temperature and position over a 5 ns simulation period was analyzed.
The system was equally divided into 80%560 cells in the y-z plane, respectively. Atoms
were binned into these cells based on their y and z coordinates at every step. Temperature
and atomic number density contours were plotted by averaging the atomic temperature and
number in each cell. When the atomic number density of a cell was less than 0.5% of the
density averaged by all cells over the whole system, the temperature of that cell was set to

zero as an indication of insufficient atoms.

6.4.5 Herman’s Orientation Factor

Herman’s orientation factor®’ is widely adopted to describe the degree of
orientation of a polymer with respect to any direction of interest. It is defined by § =
1.5<cos’*@> — 0.5, where 6 refers to the angle of a polymer chain with respect to the
direction of interest (i.e. z-axis in this study), and <> represents an average over all chains
of the polymer. Three values of S are important, including 1, 0, and -0.5. They indicate a
polymer chain perfectly aligned with the z-axis, completely amorphous, and perfectly
perpendicular to the z-axis, respectively. Only main chains of polymers were considered
for this calculation. Chain vector of the ith non-chain-end atom of the main chain was
defined as the vector pointing from the (i-1)th main chain atom to the (i+1)th main chain

atom. Localized degree of orientation was evaluated by binning atoms into 80x560 cells in
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the y-z plane, in which the average Herman’s orientation factor was calculated. Equilibrium
MD was performed for 11 ns in NVE to collect data for Herman’s orientation analysis. The
same simulation data was also used to evaluate the vibrational density of states and the

integrated autocorrelation of interfacial heat power, as described below.

6.4.6  Vibrational Density of States (VDOS)

VDOS describes atomic vibrational modes of a system. VDOS analysis of two
materials can elucidate the mismatch of vibrational modes between these materials at their
interfaces. VDOS can be calculated by the Fourier transformation of the velocity

autocorrelation function:

VDOS(f) = jo“’ e 2T (1) dr ©.1)

Here, VDOS is a function of frequency f and CV(T) is the normalized velocity

autocorrelation function defined by:

_ (¥(0)-¥(0))
C,(7)= (50 70)) (6.2)

where ¥(7) is the velocity vector with respect to an autocorrelation time , and <->
denotes an average over a group of atoms. Equilibrium MD was performed to collect
atomic velocities for evaluating VDOS. Fifty samples of the same system with different
initial velocities seeding were used to calculate VDOS of the system. In each sample,

atomic velocities were recorded every 2 fs.
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6.4.7 Cumulative Correlation Factor
A cumulative correlation factor (M) was defined to quantify the consistency

between the vibrational modes of two materials comprising an interface, considering all

frequencies below a threshold ]:

[ ({ VDOS, (f)- VDOS, (/) df

M(f)=— =
[, vDOS, (/) df | VDOs, (/) df

(6.3)

Here, the subscripts, “A” and “B”, denote two material components forming the
interface. A lower M value means a larger vibrational mismatch between the two materials,

considering vibrational modes below a cutoff frequency 7 . When 7 is larger than the

maximum frequency of all vibrational modes, the cumulative correlation factor is identical

to the correlation factor defined in previous studies.®

6.4.8 Integrated Autocorrelation of Interfacial Heat Power
Interfacial thermal conductance is proportional to the integrated autocorrelation of

interfacial heat power according to Green-Kubo fluctuation theorem, i.e.

oo

Io < p(t)- p(0)> dz , where p(s) is the instantaneous interfacial heat power exchanged

between two materials, e.g. PMMA and a group of atoms in the filler material (denoted by

P):

p)= > Fyvi= 3 Fyv, (6.4)
l]EEI;MMA I}EGI’PMMA
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Here, I_*'; is the force vector applied by the jth atom on the ith atom, and \7,- is the

velocity vector of the ith atom. The upper limit of autocorrelation time was set to be 40 ps.

The total simulation was 10 ns at equilibrium.

6.4.9 Interfacial Adhesion

The pullout process of functionalized graphene from PMMA was simulated by
NEMD to evaluate interfacial adhesion. Only a part of the well-equilibrated system as
illustrated in Figure 6.2 was used in the simulation. The PMMA matrix to the left of plane
“1” was fixed. The graphene along with all atoms on the right side of plane “2” was set to
be rigid. The center of mass (COM) of the rigid part was driven to move along the z
direction at a constant velocity of 20 m/s. All atoms between planes “1” and “2” including
a small amount of PMMA and PE chains to the left of the graphene, were flexible with a
temperature of 300 K controlled by NVT. Time step was 0.1 fs. The applied force was
sampled as a function of interfacial separation. The integral of the force-displacement curve

was used to quantify the interfacial adhesion.

Fixed 1 2 Rigid

Figure 6.2. Atomistic model for pullout simulation (blue: PMMA; orange: PE; green:
graphene). Atoms to the left of plane “1”” and those to the right of plane “2” are constrained
to be rigid, respectively. Atoms between planes “1” and “2” are flexible. During pullout,
the center of mass (COM) of the rigid part in orange is moved at a constant velocity along
the +z direction.
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6.5 Results and Discussion

6.5.1 Validation of Computation

Computational models and methods were validated against previous computational
and experimental results from the literature, using the example of a pristine
graphene/PMMA interface with the cross-section of 34.45 A x 34.10 A. First, the density

of PMMA was calculated to be 1.12 g cm™ after the system reached equilibrium, which

agrees well with experimentally measured density of 1.1-1.19 g cm™.% Second, the

interfacial thermal conductance was calculated to be 88.66 MW m2 K'!, which falls into
the range of previously reported values of 60~150 MW m? for comparable systems
including graphene/polyethylene and graphene/liquid octane.?!*** Third, interfacial
thermal conductance results calculated by RNEMD and NEMD were consistent, with a
difference less than 3.34%. Fourth, the thermal conductivity of PMMA was calculated to
be 0.208+0.008 W m™'K"!, which is in good agreement with experimental results ranging

from 0.19 to0 0.25 W m™'K"!.63

6.5.2  Effect of Grafting Density on Interfacial Thermal Conductance

In situ measurements have shown that end-tethered polymer chains are flat on the
solid surfaces at low coverage densities, while high-density polymer molecules feature
extended (“stand-up”) crystalline status.**’ To understand how grafting density affects
interfacial thermal conductance, multiple systems of GXPE8 were analyzed with X ranging
from 0 to 1, 2, 4, 8, 16, and 32. The grafting density of both sides of graphene is 0, 0.17,

0.34, 0.68, 1.36, 2.72, and 5.45 chains/nm?, respectively. Another measure of the grafting
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density is the degree of functionalization, which is defined as the ratio of the number of sp’
carbon atoms (i.e. anchoring points for polymer chains) to the total number of carbon atoms
in graphene. The corresponding degree of functionalization is 0%, 0.45%, 0.89%, 1.79%,
3.57%, 7.14%, and 14.29%, respectively. As shown in Figure 6.3, interfacial thermal
conductance increases with the number of grafted chains, X. The ascending rate is almost
a constant before X takes 8; and after that, the ascending rate gradually decreases and a
plateau is expected. Compared with the pristine graphene/PMMA interface (X = 0),
G32PES8 with a PE coverage of 7.14 % on graphene has interfacial thermal conductance
drastically increased by 431.3%. The drastic improvement of interfacial thermal
conductance is due to the collective contributions of several factors including continuity of
the temperature field, chain conformation, chain orientation, vibrational coupling,
interfacial power exchange and adhesion, all of which will be analyzed quantitatively in

following sections.
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Figure 6.3. Interfacial thermal conductance in GXPES versus X, the number of PE chains
grafted to each side of graphene. Numbers of X are also labeled above the data points.
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6.5.3 Temperature Field
Figure 6.4 plots temperature distributions in G32PE8 and G1PES, respectively,
when heat flow is applied perpendicular to interfaces. There are two major findings. On
one hand, the incorporation of dense PE chains in G32PES8 leads to a much smoother
temperature transition at the interface. As shown in Figure 6.4a,c, the region between the
two vertical red dashed lines is filled with major PE chains blended with PMMA chains.
The temperature gradient in this region is much lower than that outside, indicating faster
heat conduction. The calculated thermal conductivity of blended materials in this region is
1.158 £0.22 W m™ K-!, which is 5.56 times the conductivity of the PMMA matrix. As will
be discussed in the following section, the faster thermal transport in this blending region is
closely related to the morphology of polymer chains. On the other hand, continuity of
temperature field is drastically improved by densely grafted polymer chains. When only
one PE chain is attached to each side of the graphene (G1PES), steric repulsion causes a
spatial gap between the graphene and the PMMA matrix in a large part of the interface,
leading to a zone with almost no atom or temperature, as evidenced in Figure 6.4d by the
thick black lines. By incorporating dense PE monolayer, such discontinuity diminishes,
leading to improved heat conduction as demonstrated in Figure 6.4c. The spots where the
temperature field becomes continuous are grafting points of PE chains. In these positions,

PE chains are covalently bonded to the graphene, making the temperature field continuous.
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Figure 6.4. Temperature profiles for (a) G32PES8 and (b) G1PE8. The two vertical red
dashed lines show a region filled with dense PE chains along with some PMMA chains.
The matching temperature contours are also plotted for (¢c) G32PE8 and (d) GIPES. Black
regions are voids with almost no atoms.

6.5.4 Chain Conformation

Chain conformation at the interface is prominently controlled by the density of
grafted polymers. Figure 6.5a,b show atomic number density distributions associated with
a single polymer chain at each side of graphene, in both G32PE8 and G1PES systems. In
G32PES, the chains shown in the figure are randomly chosen from the total 64 chains.
Density distributions associated with some other chains can be found in Figure E.2. In
both systems, PE chains are shown to be perpendicular to the plane of graphene near the
grafting points due to the stiffness of the covalent bonding. Also due to this constraint, the
atomic number density plot of each PE chain in G32PES takes the shape of a reversed taper
from the grafting point, showing the standing up status of PE chains. Moreover and most
importantly, the PE chains in G32PES are found to be more extended and straighter than
the sparsely grafted and more isolated chains in G1PES, which can also be verified by the
end-to-end distance and the height normalized by the fully extended PE chains, shown in

Figure E.3. Theoretically, in G32PES, PE chains are close enough to have strong steric
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repulsion that keeps the chains relatively straight. By contrast, in G1PES8, PE chains are
free from the confinement effect and flat on the graphene surface, leading to their hook-
like shape. The morphology of grated PE chains plays a key role in thermal transport
processes. As demonstrated in several previous studies, extended polymer chains have
higher along-chain thermal conductivities than their amorphous counterparts.**->1:%¢ Indeed,
as shown in Figure 6.5c, temperature drops little (10 K) in G32PES8 from the head of a PE
chain to the head of the other on the opposite side of graphene (see Figure E.4 for results
of other chains); however, in G1PES with the same overall temperature variation, the head-
to-head temperature drop is 54 K. Both results demonstrate more efficient thermal transport
in G32PES with the extended PE chains perpendicular to the graphene surface, which echo
with the finding from Figure 6.4a,c that temperature transition is smoother across the
interface in G32PES. It is worth noting that the extent to which thermal conductivity is
enhanced by extending polymers varies in the literature. For instance, according to an
experimental study, PMMA brushes have marginal (about 10%) increase in thermal
conductivity compared with spun-cast PMMA.®” The improvement of conductivity is
lower than what is shown by our and other’s studies. Here, the most critical governing
factor is whether chains are “actually” extended or not. In our model, covalent bonding to
ultra-stiff graphene and the use of dense, relatively short PE chains keep the PE chains
“stand up” in extended configurations. The normalized height of chains (actual height
divided by the length of fully extended chains) approaches 0.90, much higher than that in

the PMMA study (0.25%).
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Figure 6.5. Atomic number density distributions of graphene and selected PE chains for

(a) G32PES and (b) G1PES. Temperature contours are also plotted for (c¢) G32PES8 and (d)
GI1PES.

6.5.5 Herman’s Orientation Factor

In this section, chain morphology is more quantitatively characterized by Herman’s
orientation factor, a quantitative measure of the degree of orientation of polymer chains
with respect to a direction of interest. In this work, the direction of interest is along heat
flow and perpendicular to graphene, i.e. the z-direction. Figure 6.6 shows variations of
Herman’s orientation factor in the PE and PMMA components of four systems,
respectively. The red (1), cyan (0), and blue (-0.5) represent that polymer chains are
perfectly aligned with the z-axis, amorphous, and perpendicular to the z-axis, respectively.
The white regions in the middle of all subplots are occupied by graphene. Figure 6.6a,c.e,g
depict variations of Herman’s orientation factor in the PE chains of GXPE8 where X takes
32,16, 8, and 1, respectively. All fixed ends of the PE chains are in red (i.e. perpendicular

to graphene) due to the stiffness of the covalent bonding with graphene.
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Figure 6.6. Distributions of the local Herman’s orientation factor for PE chains (a,c,e,g)
and PMMA chains (b,d,f,h) in G32PES8, G16PES, G8PES, and G1PES, respectively

Most importantly, at higher PE coverage (e.g. G32PES), not only the fixed ends are red,
but most PE chains also turn red indicating good alignment with the direction of heat flow.
These results echo with the finding from Figure 6.5, both showing drastically improved
chain alignment in the dense polymer monolayer. The alignment of matrix chains is also
improved at high grafting densities. As shown in Figure 6.6b,d,f,h, at higher X, several
consecutive cells in the vicinity of graphene are shown to be red. Note that these PMMA

chains are not covalently bonded to graphene or the PE chains. They are aligned with the
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PE chains mainly due to nonbonded interactions. The excellent alignment demonstrated
for both PE and PMMA near graphene (Figure E.5) collectively contributes to the highly

efficient thermal conduction in the blending region defined in Figure 6.4.

6.5.6  Vibrational Coupling

Molecular design of interfaces may significantly influence interfacial thermal
conductance,?®?® in which the vibrational coupling between materials plays a key role. The
dense PE monolayer grafted to graphene, like a linker or vibrational mediator, drastically
improves the overall vibrational coupling between graphene and PMMA, leading to
improved interfacial thermal conduction. Figure 6.7a,b show the partial vibrational density
of states (VDOS) for PE, PMMA and sp® carbon of graphene in G32PES and G1PES,
respectively. At high grafting density, the VDOS of sp? carbon of graphene has a peak at
50.65 THz due to the interaction with sp® carbon atoms (i.e. grafting points) (Figure 6.7a),
which highly overlaps with a vibrational mode of PMMA. However, this overlap does not
significantly contribute to the interfacial thermal transport due to the PE sandwiched in
between. More quantitative analysis can be found in the following analysis of the integrated
autocorrelation of interfacial heat power exchange. At low grafting densities (e.g. G1PES),
graphene has most of its surface in direct contact with PMMA; and PE “bridges” are sparse.
At the graphene/PMMA subinterface, due to their drastically different physical properties,
graphene and PMMA inevitably have poor vibrational coupling. As shown in Figure 6.7b,
the VDOS peaks of sp* carbon mainly locate at about 14.1, 19.2, 53.8, and 58.7 THz. Very

few overlaps are found between the VDOS curves of graphene and PMMA. The poor

vibrational coupling is also evidenced in the plot of the cumulative correlation factor
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(Figure 6.7¢). At all frequencies, the cumulative correlation is weak between graphene and
PMMA in G1PES (black solid line). By comparison, at the PE/PMMA subinterface, both
materials are polymers and have similar properties. Indeed, as shown in Figure 6.7b, a
significant overlap is found at 89.6 THz between PE and PMMA, demonstrating excellent
vibrational coupling between these two materials. A similar conclusion can be drawn from
Figure 6.7c too. The strong coupling between PE and PMMA plays an increasingly
important role as the PE-grafting density grows. With more PE chains grafted to graphene
(e.g. G32PES) (Figure 6.7a,c), the vibrational coupling between materials is similar to that
shown for G1PE32, but there are more PE/PMMA interfaces present. Hence, the overall
vibrational mismatch across the interface is much alleviated, leading to boosted heat power

exchange across the interface, as demonstrated in the following section.
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Figure 6.7. The vibrational density of states (VDOS) of PE, PMMA, and graphene in (a)
G32PES8 and (b) GI1PES. (c) The cumulative correlation factor between PMMA and
graphene (solid lines) and between PMMA and PE (dashed lines) in both G32PES8 (red)
and G1PES (black) systems.
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6.5.7 Integrated Autocorrelation of Interfacial Heat Power
Integrated autocorrelation of heat power is a quantitative measure of the thermal
energy exchanged across an interface via a particular path or a particular pair of atom
groups. Summing up the contributions by all paths will give interfacial thermal
conductance. Figure 6.8a plots the integrated autocorrelation between PMMA and
graphene in four systems with increasing PE-grafting density, while Figure 6.8b plots that
between PMMA and PE in the same systems. All curves fluctuate with time initially but
all of them converge at the end. Dashed lines are drawn to designate the converged values.
As shown in Figure 6.8a, the energy exchanged via the graphene—PMMA path decreases
with the increasing number of PE chains from 1 to 8, 16, and 32; and in particular, the
value is almost zero when 32 PE chains are grafted. The physical understanding is
straightforward. As more chains are grafted, the contact area between graphene and the
PMMA matrix decreases, which reduces energy transport via this path due to the screening
by PE chains. On the contrary, Figure 6.8b shows that the energy exchanged via the
PE—PMMA path increases with the PE-grafting density. Except for G1PES, the energy
exchanged via the path is much larger than that exchanged via the graphene—PMMA path.
The results echo the finding from Figure 6.7 that heat transfer between PE and PMMA is
much more efficient than that between graphene and PMMA. Both analyses demonstrate
that highly extended PE monolayers are an efficient linker material to bridge two dissimilar

materials, graphene and PMMA, for faster thermal transport across the interface.
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Figure 6.8. The integrated autocorrelation of interfacial heat power exchange (a) between
graphene (sp? carbons) and PMMA and (b) between PE and PMMA for four systems with
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Figure 6.9. Pullout force versus interfacial separation for five systems with increasing X.
The inset plots the work of adhesion for the five systems by integrating the force-separation
curves.
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6.5.8 Interfacial Adhesion
Direct correlation between interfacial adhesion and interfacial thermal conductance
has been found previously for solid/solid and solid/liquid interfaces by experimental
measurements and MD simulations.®*% Different from VDOS which focuses on one
particular material, work of adhesion includes the contributions of two materials forming
the interface. Figure 6.9 plots the pullout force as a function of spatial separation when
breaking several PE-functionalized graphene/PMMA interfaces. The peak point in the
curves represents the maximum force required to break an interface, which further gives
the failure strength. The results show that, with more PE chains grafted to the graphene,
interfacial strength is lowered and the pullout requires a longer time to complete due to the
interaction between crystalline PE monolayer and the PMMA chains embedded in the PE
monolayer. In other words, mechanically, GIPE8 has a more brittle interface while
G32PES8 has a more ductile one. Both strength and failure separation contribute to the
overall interfacial work of adhesion, which is plotted in the inset of Figure 6.9 for the five
systems under investigation. More work is required to break the interface with more PE
chains grafted to graphene. This is consistent with our finding in Figure 3 that interfacial
thermal conductance increases with the PE-grafting density, which, again, demonstrates

the relationship between interfacial adhesion and interfacial thermal conductance.

6.6 Conclusions
In this work, we demonstrate that decorating interfaces with polymeric self-
assembled monolayers (SAMs) of high coverage density can significantly increase

interfacial thermal conductance between drastically dissimilar materials. By grafting the
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SAM of PE to graphene surfaces with a coverage of 7.14 % on each side, the interfacial
thermal conductance between graphene and a PMMA matrix is improved by 431.3%. The
anomalous enhancement is attributed to three governing factors: 1) extended and well-
aligned polymer chains in a PE/PMMA blending region, 2) excellent vibrational coupling
between PE and PMMA, and 3) covalent bonding between graphene and PE chains. To be
more specific, first, both atomic number density and Herman’s orientation analyses depict
that grafted PE chains of high coverage density feature extended chains standing up from
graphene surface, while PE chains grafted at low densities are flat on graphene surfaces.
The extended conformation of dense PE monolayer is due to the steric repulsion between
PE chains and the stiff covalent bonding between PE and graphene. Such interchain
interactions also enforce strong restrictions on the conformation of PMMA molecules,
forming a relatively crystallized PE-PMMA blending region. The close-to-crystalline
polymer conformation significantly facilitates along-chain thermal transport, leading to a
thermal conductivity 456% higher than that of the pure PMMA. Second, PE is much better
than graphene in vibrational coupling with PMMA. As the grafting density grows, more
PE chains replace graphene to interact directly with PMMA; and more thermal energy is
exchanged via the PE — PMMA path than the relatively inefficient graphene—PMMA
path. Meanwhile, the length of the PE chains embedded in PMMA also extends the
mechanical interaction between the two molecules, which boosts interfacial adhesion. Both
factors contribute to alleviating the overall interfacial vibrational mismatch, making heat
conduction more efficient. Third, covalent bonding enables efficient thermal transport

between graphene and PE chains, which establishes a final link in the highly effective
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thermal transport pathway: graphene — dense PE monolayer (blended with PMMA) —
PMMA. The proposed polymer grafting approach demonstrates the feasibility to engineer

the interface towards drastically improved thermal transport between dissimilar materials.

6.7 Associated Content

6.7.1  Supporting Information

A schematic for nonequilibrium molecular dynamics simulation system (Figure
E.1); Atomic number density of graphene and two random chosen polyethylene chains in
G32PE8 (Figure E.2); Normalized end-to-end distance and height of PE for GXPES
(Figure E.3); Temperature contour (Figure E.4) of graphene and two random chosen
polyethylene chains in G32PES; Local Herman’s orientation factors of both functional

polyethylene and PMMA matrix (Figure E.S).
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CHAPTER 7
ENHANCED INTERFACIAL THERMAL TRANSPORT OF GRAPHENE/POLYMER
NANOCOMPOSITES VIA A HIERARCHICALLY HYDROGEN-BONDED

MOLECULAR HEAT SPREADER

7.1 Abstract

Interfacial thermal transport properties play a vital role in many technologies.
Engineering interfaces by materials such as self-assembled monolayers and polymer
brushes have attracted a lot of attention. Here, we demonstrate that polymer monolayer
with a hierarchical network of hydrogen bonds significantly improves interfacial thermal
transport of polymer nanocomposites. In this study, Polyvinyl alcohol (PVA) chains were
grafted onto the surfaces of graphene, which form hydrogen bonds with the poly (methyl
methacrylate) (PMMA) matrix. At the PVA coverage of 7.14%, interfacial thermal
conductance is drastically improved by 520%, mainly due to three physical phenomena
occuring at the PMMA/graphene interface: (1) hydrogen bonds improve the vibrational
overlap between PVA and PMMA; (2) PVA chains are extended even at low coverage,
which facilitates along-chain thermal conduction; and (3) covalent bonding between
graphene and PV A chains enable efficient heat transfer. In addition, our study demonstrates
that there is no universal relationship between interfacial thermal conductance and
interfacial adhesion. These results provide new important insights to design interfaces of
polymer nanocomposite and biomaterials for desired properties and a wide range of

applications.

This chapter is submitted to Nanoscale. Coauthor: Professor Ling Liu.



153
7.2 Introduction

Interfacial thermal transport properties play a crucial role in the performances of

2 4

many innovative technologies such as nanocomposites,”” ? thermoelectrics,*
nanoelectronics,’ and biomedical devices®®. Typically, an interface inhibits transmission
of heat energy between mechanically dissimilar materials, making it a bottleneck of
thermal transport especially when the characteristic length of a structure is comparable to
the mean free path of energy carriers’. For instance, graphene/polymer nanocomposites
usually have low interfacial thermal conductance in the order of 60~80 MW m™ K1 10-12
which is one of the primary reasons for the low thermal conductivity of nanocomposites.
Due to the critical role of material interfaces in determining thermal properties and
applications of a variety of materials, there is a critical need to develop new approaches for
drastically improved interfacial heat transfer in these materials.

Interfacial thermal conductance is dictated by the group velocity and the
transmission coefficient of phonons, which are affected by interfacial bonding strength and
the vibrational density of states of materials comprising the interface.” To understand the
effect of interfacial bonding strength, parametric studies were performed at a graded
interface by increasing the energy parameter (¢) of an LJ interfacial interatomic potential
to several folds of the original value (g0). Simulation results show that the interfacial
thermal conductance between silicon and amorphous polyethylene!® was increased by six
times with &/go = 5, and the value between graphene and paraffin'? was enhanced by more

than three times with €/e0 = 6. Phonon wave packet simulations elucidated that the

transmission coefficients of longitudinal and transverse acoustic wave packets were
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enlarged by increasing the bonding strength and that the frequency spectrum of efficiently
transmitted phonons was broadened when &/g0 was increased to 5 from 1.'3 Concerning the
vibrational density of states, large mismatch of vibrational density usually leads to low
interfacial thermal conductance.!* These understandings provide basic guidelines to tailor
interfacial thermal conductance by material interface engineering.

Hence, enormous efforts have been made to introduce an intermediate material as
a vibrational linker to alleviate the vibrational mismatch and take advantage of interfacial
bonding strength. These interface materials fall into three categories determined by the
interatomic interaction between them and the surrounding materials: noncovalent-
noncovalent bonding, noncovalent-covalent bonding, and covalent-covalent bonding. In
the first category, enhancement of interfacial thermal transport is limited due to the weak
secondary bonding at the interface. For instance, alkyl (Cs)-pyrene molecules were inserted
into octane and graphene, making the out-of-plane interfacial thermal conductance
improved by 22%.!> Additionally, interfacial thermal conductance between graphene and
paraffin was enhanced by more than 15% by 1-pyrenebutyl, 1-pyrenebutyric acid or 1-
pyrenebutylamine.!® Even submonolayer water can fairly increase interfacial thermal
conductance across hydrophilic quartz!'” in between graphene oxide (graphene) and lipid
membranes® owing to highly enhanced vibrational overlap. The second strategy takes
advantage of the strong covalent bonding between functional molecules and materials at
the interface, and maintains large flexibility for desiging the secondary bonding with atoms
on the other side of the interface. For example, hydrogenation of monolayer graphene can

significantly improve interfacial thermal transport between silicene/graphene bilayer and
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graphene/phosphorene bilayer.'® ' When butyl molecules were covalently bonded to
graphene surfaces, the interfacial thermal conductance across graphene/epoxy?® and
graphene/polyethylene?' was improved by 400% at a 9.52% coverage and 129% at a 5.36
coverage, respectively. With a higher vibrational overlap, butyl outperforms several other
functional molecules. In both cases, the interaction between functional molecules and
polymer matrix are van der Waals interactions, which are very weak in bonding strength.
As a result, researchers are using hydrogen bonds to engineer the interface between

2 and the interface between self-assembled

functional groups and polymer matrix?
monolayer and organic liquid* for enhanced interfacial thermal transport. In the last case,
the design flexibility is severely restricted since it is difficult to design covalent bonds

between the interface material and the surrounding materials on both sides. Most of these

studies are related to self-assembled monolayers (SAMs). SAMs were covalently bonded

1’25 1’26 127

to metal/dielectric,?* carbon nanotube arrays/metal,?® graphene/metal,?® and metal/meta
interfaces, demonstrating bonding-improved interfacial thermal transport. Despite the
progress, there are few studies on manipulating interfacial bonding strength in polymer
nanocomposites and little attention is paid to the thermal transport efficiency of
intermediate materials.

Here, we demonstrate that a hierarchical heat spreader of polymer monolayer can
significantly enhance interfacial thermal conductance in polymer nanocomposites by
molecular dynamics simulations. A polymer monolayer was designed to bridge the

graphene/polymer interface via strength-gradient bonds. In detail, one end of polymer

chains is covalently bonded to graphene, and the other end can form hydrogen bonds with
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the polymer matrix. Moreover, hydrogen bonds can form between chains of polymer
monolayers and facilitate thermal transport along polymer chains. The covalently bonded
polymer layers on graphene such as polymer brushes and self-assembled monolayer have
attracted a lot of attention and can be achieved by atomic transfer radical polymerization,*®
%% irradiation-induced polymerization,*® ring-open metathesis polymerization,’' thiol-ene

3 etc. Furthermore,

click reactions,””> and esterification/amidation reactions,>*
functionalization of graphene with polymer can improve the dispersion of graphene in
polymer nanocomposites, which further improves the thermal and mechanical properties
of the entire composites.*> 3¢ In this study, we elucidate the dependences of interfacial
thermal transport on grafting density, chain length, chain conformation, and hydrogen
bonding density. The results provide new insights to tune interfacial thermal transport in

nanocomposites, proteins and synthetic materials for nanodevices and other biomedical

applications.

7.3 Modeling and Simulations

7.3.1 Modeling

In this work, full atomic models of nanocomposites were built by combining
polyvinyl alcohol (PVA) functionalized graphene and a poly-(methyl methacrylate)
(PMMA) matrix, as shown in Fig. 7.1(a). PVA molecules were chosen since they can be
grafted onto graphene by ester linkage” and can form hydrogen bonds with the PMMA

matrix. Each PVA chain has eight repeat units of CH2-CH(OH), and was covalently bonded

to graphene uniformly. The PV A-grafted graphene has a cross-sectional area of 34.45 A x

34.10 A after relaxation, which is large enough to capture dominant contributions by all
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vibrational modes to interfacial thermal conduction.'? The PMMA matrix was built by the
self-avoiding random walk method,®® with 40 repeat units per chain. Both material
components were generated by our in-house codes, well equilibrated separately, and then
merged in VMD? to form the nanocomposite. Periodic boundary conditions were applied
in all three directions. Interatomic interactions were described by the OPLSAA force field**
41 which has been widely used to simulate polymers, graphene, and their interfaces.'> 2!
4243 The formed nanocomposite model is denoted as “GXPVA” for brevity, where X is the
number of PVA chains. The effect of chain density can be studied by varying the value of

X. Hydrogen bonds can form between PVA and PMMA as well as between densely packed

PVA chains (see Fig. 7.1(b)).

7.3.2  Simulations

All molecular dynamics simulations (MD) were carried out by LAMMPS.* We
took four steps to prepare the nanocomposites for production runs. First, the initial atomic
model of PMMA was minimized by the conjugate gradient algorithm, equilibrated in the
NPT ensemble at 300 K and 1.0 atm for 1.0 ns, and finally equilibrated in the NVT
ensemble at 300 K for 1.0 ns. Second, each atomic model of the nanocomposite was
generated by sandwiching PVA functionalized graphene between several copies of the
PMMA matrix generated from the first step. Third, the nanocomposite was annealed in the
NPT ensemble at 1.0 atm to remove residual stresses. During annealing, the temperature
of the system was heated up from 300 K to 800 K, kept at 800 K for 500 ps, and then cooled
down to 300 K at a rate of 1.667 K/ps. After that, the system was relaxed in NPT and NVT

for 500 ps, respectively. In all these three steps, the time step was 1.0 fs. Lastly, a further
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relaxation was performed in NVT at 300 K for 1.0 ns with the time step of 0.5 fs. In all
production runs, the time step was fixed to be 0.5 fs which is small enough to capture
vibration of hydrogen atoms.

Reverse non-equilibrium molecular dynamics (RNEMD) method proposed by
Muller-Plathe* was applied to calculate interfacial thermal conductance, as illustrated in
Fig. 7.1(a). Interfacial thermal conductance (G) was calculated by G = J / AT, where J is
the heat flux imposed by numerical manipulation and A7 is the temperature drop evaluated
across the interface. As shown in Fig. 7.1(a), the entire system was evenly divided into 100
slabs in the z direction. An amount of heat energy was added to the heat source (the red
slab), and the same amount energy was subtracted from the heat sink (the blue slab). This
manipulation was achieved by velocity swapping with a virtual elastic collision model*® to
maintain momentum conservation. As a result, a heat flow was generated from the heat
source to the heat sink along both of the positive and negative z directions. Numerically,
heat flux was calculated by J=AE / (2¢4), where AE is the energy added to the heat source
in the duration of 7, 4 is the cross-sectional area of the system, and “2” is due to two
symmetric heat transport paths from the heat source to the heat sink. As illustrated in Fig.
7.1(b), temperature drop across the interface was denoted by 247, which was controlled to
be 45 £ 5 K by controlling the frequency of velocity swapping. In addition, thermal
conductance of the PMMA matrix was calculated by k& = J/(dT/dz), where dT/dz is the

temperature gradient of PMMA, as shown in Fig. 7.1(c).
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Fig. 7.1. (a) A representative system for nonequilibrium molecular dynamics simulation.
The full atomistic model was built with: polyvinyl alcohol (PVA, yellow spheres)
functionalized graphene (ice blue spheres) and the poly-(methyl methacrylate) (PMMA)
matrix (green spheres). Periodic boundary conditions (PBC) were applied in all three
directions. (b) A snapshot of the interfacial structure between PV A functionalized graphene
and PMMA. Red lines stand for hydrogen bonds. (c) Temperature profile of G32PVA
generated by RNEMD simulation. The total temperature drop across the interface is
denoted by 2AT. Temperature gradient of PMMA (denoted by d7/dz) is found by curve
fitting. (d) Interfacial thermal conductance versus the number of functional molecules
grafted on graphene (X) for GXPVA and GXOH, respectively. Data of GXOH is from a
previous work?? investigating the hydroxyl-functionalized graphene/PMMA interface.

To visualize temperature contours of the nanocomposite, we also performed
nonequilibrium molecular dynamics simulation (NEMD) with the temperature of atoms in
the heat source and heat sink fixed to be 400 K and 250 K, respectively. Temperature was
controlled by the Langevin thermostat*’ in the NVE ensemble. As shown in Fig. F.1, atoms
of a part of the system were fixed during the simulation. Atomic temperatures and positions

were stored in the simulation over a period of 5.0 ns, after a steady state was reached.
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I ' I
Fixed 1 2 Rigid

Fig. 7.2. An atomistic model for the molecular dynamics simulation of the pull-out process.
Atoms of PMMA (green) to the left of plane “1” are fixed. Atoms of PVA (yellow) to the
right of plane “2” are fixed. Atoms of graphene (ice blue) and those between “1” and “2”
are movable. The center of mass (COM) of graphene and the rigid part of PVA is moved
at a constant velocity in the +z direction.

The interfacial mechanical properties of GXPVA were evaluated by pulling out
PVA functionalized graphene from PMMA matrix. Only a part of the well-equilibrated
system was extracted and relaxed for the pull-out simulation, as shown in Fig. 7.2. The
simulation was performed in the NVT ensemble with the time step of 0.1 fs. Atoms of the
PMMA matrix to the left of plane “1”” and those of PV A to the right of plane “2” were fixed
as rigid, while the rest of the system was movable. Center of mass (COM) of the rigid PVA
and graphene was moved at a constant velocity of 20 m/s along the +z direction. The pulling
force was evaluated at different separations. The force-displacement curve was integrated

to evaluate the interfacial adhesion, which is proportional to the interface toughness.
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7.4 Results and Discussion

7.4.1 Validation

To test computational models and methods, we compared the results of this study
with experimental and computational values in the literature in four aspects. First, mass
density of the PMMA matrix relatively far away from the interface in well relaxed GXPVA
is 1.14 £ 0.03 g cm?, which is in the range of experimental values, 1.1~1.19 g cm™.*
Second, interfacial thermal conductances of G32PVA calculated by RNEMD and NEMD
are 551.53 +24.81 MW m™ K! and 570.83 MW m™ K'!, respectively, which agree well
with each other. Third, interfacial thermal conductance of GOPVA (pristine
graphene/PMMA nanocomposite) was evaluated as 88.66 MW m™ K-!, which fits into the
range of 60~150 MW m™ K-! of similar pristine graphene/polymer interfaces.!!? Lastly,
thermal conductivity of the PMMA matrix is 0.20 £0.01 W m™'K"!, which is also in good

agreement with the experimentally measured values from 0.19 to 0.25 W m'K-1.#
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Fig. 7.3. Temperature profiles of (a) GIPVA and (b) G32PVA from nonequilibrium
molecular dynamics simulation. Temperature contours of (¢) GIPVA and (d) G32PVA.
Two vertical green lines in (b) show the PVA/PMMA blending region. Vertical black
lines in (c¢) and (d) show regions with no atoms.
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7.4.2  Effect of Grafting Density on Interfacial Thermal Conductance

Fig. 7.1(d) shows interfacial thermal conductance of GXPV A, where X ranges from
0to1,2,4,8, 16, and 32. The corresponding degree of functionalization is 0%, 0.45%,
0.89%, 1.79%, 3.57%, 7.14%, and 14.29%, respectively. As more PVA chains are grafted
on graphene, interfacial thermal conductance increases and then saturates at a high value.
Specifically, G32PVA has interfacial thermal conductance 6.2 times that across the pristine
graphene/PMMA interface. Compared with the hydroxyl-functionalized graphene/PMMA
interface investigated in our previous work,?? the present system with a hierarchical
hydrogen bond network is found to have considerably larger ascending rate in the
conductance-X plot, especially when X' < 16. Two PVA chains perform better than fourteen
hydroxyl groups in the enhancement of interfacial thermal conductance.

Fig. 7.3 plots the temperature profile and temperature contour for GIPVA and
G32PVA, respectively. Nonequilibrium molecular dynamics simulation of both systems
was performed with the temperature fixed at 400 K and 250 K in the heat source and heat
sink, respectively. Total duration was 5.0 ns in the steady state. Atoms were binned into 80
x 560 cells in y and z directions, respectively, based on their coordinates. Temperature was
obtained by averaging atomic temperatures in each cell. It is worth mentioning that the heat
flux of G32PVA was 20% more than that of G1PVA, as shown in Fig. F.2. There are two
primary findings. First, thermal transport across the interface of G32PVA is much more
efficient than that of GIPVA. An abrupt temperature drop across the interface on the
temperature profile of G1PVA in Fig. 7.3(a) indicates a large thermal resistance and poor

interfacial thermal transport. Consistent with the abrupt temperature drop, the color of cells
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changes sharply from dark red to deep blue along the -z direction in Fig. 7.3(c). The two
black rectangular regions between graphene and PMMA indicate that there is almost no
atom occupancy due to steric repulsion. By contrast, no abrupt temperature drop exists on
the temperature profile of G32PVA in Fig. 7.3(b). The region delimited by two green
segments in Fig. 7.3(b) is occupied by a blend of PVA and PMMA. This region features
low temperature variations and much smaller temperature drop compared with that of
G1PVA, indicating efficient heat conduction. Second, covalently bonded PVA chains
facilitate thermal transport across the interface. Two black regions in Fig. 7.3(c) become
much thinner in Fig. 7.3(c) and break into pieces. The cells where graphene is grafted with
PVA chains exhibit the same color with graphene, indicating a continuous and uniform

temperature field.

7.4.3 Effect of Grafting Density on Interfacial Morphology

Interfacial molecular morphology significantly affects thermal transport behavior
of polymers. For example, extended polymer chains and nanofibers have been reported to
have thermal conductance several orders of magnitude higher than their amorphous
counterparts.*>3! To visualize the morphology of PVA chains on graphene, we studied the
atomic number density of PVA chains and graphene in G1PVA and G32PVA, respectively,
as shown in Fig. 7.4(a)-(b). Atomic coordinates were recorded during a simulation of over
5 ns. Atoms of the system were binned into 80 x 560 cells. Here, only graphene and a pair
of PVA chains were plotted for clarity. It is worthy to note that the shown PVA chains
were randomly chosen from G32PVA, and the distance between their grafting points is

comparable to that of GIPVA. Fig. F.3 illustrates another four pairs of PVA chains
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randomly chosen from G32PVA. It is well known that self-assembled monolayers are
usually flat on the substrate at low coverage densities. As the coverage density increases,
chains may stand up from the surface, forming a “crystalline” structure until surface
saturation is reached.’® > Contrary to conventional wisdom, the PVA chains in this study
feature extended configurations even at very low grafting densities (e.g. G1PVA), although

they are not as extended as the PVA chains in G32PVA.
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Fig. 7.4. Contour plots of atomic number density (a) and (b), plots of hydrogen bonds (c)
and (d), and contour plots of temperature (e) and (f) for graphene and a pair of PVA chains
in GIPVA and G32PVA, respectively. PVA chains in (b), (d), and (f) are the same pair
and they are randomly chosen from the 32 chains of G32PVA. Each dot in (¢) and (d)
denotes the position of a hydrogen atom forming a hydrogen bond. Red dots stand for the

hydrogen bonds between PVA and PMMA while blue dots represent those between PVA
chains.
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To unveil the mechanism extending PVA chains, we evaluated the distribution of
hydrogen bonds based on over 10000 output frames, as illustrated in Fig. 7.4(c)-(d). A red
point stands for a hydrogen bond between PVA and PMMA, while a blue one represents a
hydrogen bond between PV A chains. The criteria used to identify a hydrogen bond are (see
Fig. F.4): (1) the distance between the hydrogen bond donor (D) and the acceptor (A) is
smaller than 3.0 A; and (2) the angle of D-H (hydrogen)-A is smaller than 25°. Fig. 7.4(c)
shows that hydrogen bonds formed between PVA and PMMA in GIPVA are more than
those between PVA chains. Moreover, hydrogen bonds between PVA and PMMA were
evenly distributed along the PVA chains. The results indicate that extended PVA chains
are more energetically favorable as more and stronger hydrogen bonds are formed. On the
other hand, intra-chain hydrogen bonds are found to contribute to the bending of PVA
chains. All interchain and intrachain hydrogen bonds as well as the short length of chains
contribute to the incomplete extension of PVA chains. Different from G1PVA, G32PVA
have fewer hydrogen bonds formed between PVA and PMMA than those formed between
PVA chains (see Fig. F.5 for more examples). Furthermore, most of the hydrogen bonds
between PVA and PMMA reside at the free ends of chains. Both steric repulsion and
interchain hydrogen bonds result in much straighter PVA chains. Based on these analyses,
PVA chains are extended in GIPVA and G32PVA due to different mechanisms.
Extended PVA polymer chains in both GIPVA and G32PVA facilitate interfacial
thermal transport. For verification, temperature contours of graphene and a pair of PVA
chains are plotted in Fig. 7.4(e)-(f). GIPVA is shown to have much larger temperature

difference between the free ends of PVA chains than G32PVA does. Indeed, local
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temperature distribution represents the combined effects of thermal transport properties of
local materials and the surrounding environment temperature. As shown in Fig. 7.4(e), the
temperature of PVA chains varies sharply across the graphene, while varying much slowly
along chains on each side of the graphene. Moreover, PVA chains show insignificant
temperature changes along chains than the rest of the system (Fig. F.6), indicating that
PVA conduct heat more efficiently than other parts of GIPVA. Moreover, at the heat
source, temperature of PVA side chains is lower than that of the whole system but higher
than that of the main chains of PVA. At the heat sink, PVA side chains have a temperature
higher than the whole system but lower than PVA main chains. As a result, the larger
temperature difference between the free ends of PVA in G1PVA originates from the more
prominent temperature variation of surrounding materials. By comparison, temperature
varies very slightly along the PVA chains of G32PVA as shown in Fig. 7.4(f). Fig. F.7
shows that the PVA chains in G32PVA have comparable temperature distributions, and
temperature varies insignificantly along the chains except for the free ends. All these
findings manifest that extended PV A chains facilitate thermal transport in the region where
PVA and PMMA are blended.

Fig. 7.5 presents the atomic number density distributions of PVA and PMMA with
respect to the distance to the surface of grapheme. To calculate the atomic number density,
atoms were binned into cells of 0.2 A in the z-direction starting from the surface of
graphene. Over 8000 frames were analyzed and averaged. As shown in Fig. 7.5(a), PVA
in GXPVA (with X=1, 8, 16 and 32) show sharp peaks in the region within 5 A away from

the grapheme surface, indicating that PVA chains are mostly in stand-up configurations
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and of semi-crystalline properties. These characteristics are consistent with the chain
conformation shown in Fig. 7.4(a)-(b). More importantly, PVA in G32PVA shows very
long-range ordering with a plateau formed up to 16 A away from the graphene surface. The
long-range ordering results from the combined effects of steric repulsion and interchain
hydrogen bonding of PVA. Fig. 7.5(b) shows the atomic distribution of PMMA near the
interface. With increased number of PVA chains on graphene, fewer PMMA atoms can
enter the region in the vicinity of the graphene surface. Particularly, PMMA atoms are
rarely seen within 5 A of the graphene surface in G32PVA. All these structural effects lead
to a unique feature of G32PVA that crystalline PVA exclusively exists within 15 A from

graphene, where thermal transport is drastically facilitated.

0.15](a) ——GIPVA ——G8PVA
- " \——G16PVA —— G32PVA
S 0.10
c ]
q) —~
T o 0.05]
B5 00
£ = 8"1’2_:'(5')'—' T GIPVA - GEPVA
22 17 —— G16PVA —— G32PVA
o ® ]
L = 0.10
g ]
Z  0.05]

0.00 I—E="

0O 5 10 15 20 25 30
Distance (angstrom)

Fig. 7.5. Atomic number density distributions of (a) PVA and (b) PMMA versus the
distance to the surface of graphene.
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To understand the distribution of interfacial hydrogen bonds, hydrogen bonds in
PVA chains and those between PVA and PMMA are studied independently. Fig. 7.6 shows
the average number of hydrogen bonds in each PVA chain obtained from equilibrium MD
simulations of over 60 ps. By increasing the number of PVA chains attached to the
graphene surface (i.e. X of GXPVA), the number of hydrogen bonds between PVA and
PMMA (red) decreases, while the number within and between PV A chains (blue) increases.
Specifically, the blue hydrogen bonds of GIPVA were formed between hydroxyl groups
within the same PV A chain. However, those of G32PV A were mainly between PV A chains
since the PVA chains are more extended than that of G1IPVA, and the space between
adjacent hydroxyl groups in the same chains is increased. Previous studies have shown that
intra-chain hydrogen bonds slightly facilitate thermal transport along the chain®* > and that
interchain hydrogen bonds contribute significantly to the high thermal conductivities of
bundled polymer chains.’*>® The drastically increased hydrogen bonds between PVA
chains should facilitate thermal transport along each PVA chain. Moreover, the total
number of hydrogen bonds of PVA and between PVA and PMMA increases with the
number of PVA chains (Fig. F.8). The increased hydrogen bonds enhance thermal transport
both through PVA and from PVA to PMMA.

To depict the chain orientation of PVA and PMMA in their blending region, we
calculated the Herman’s orientation factor for each GXPVA system. Herman’s orientation
factor’® is extensively used to evaluate the orientation of polymer chains. It is defined as S
= 1.5 <cos’@> - 0.5, where @ is the angle between the polymer chain and a predefined

direction, and <-> represents an average over the system spatially. In particular, S values
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of 1.0 and -0.5 indicate that the polymer chain is perfectly aligned with and perpendicular
to the predefined direction, respectively; while the value of 0.0 means that the polymer is
completely amorphous. In this study, the local Herman’s orientation factors was calculated
by binning main chain atoms into 80 x 560 cells in the y-z plane; and S was evaluated in
each cell using z-axis as the reference direction. Atomic coordinates were collected by
equilibrium MD simulations of over 10.0 ns in the NVE ensemble. The chain direction at
the jth atom of the main chain is defined from the (j-1)th atom to the (j+1)th atom. The
calculated S values are plotted in Fig. 7.7(a)-(d). The white rectangular region in the middle
of each figure is where the graphene sheet is located. Orange blobs near the graphene sheet
mostly correspond to PVA chains grafted onto the graphene. All these PVA chains are in
indistinguishable colors, verifying that all PVA chains are uniformly oriented in stand-up
configurations (see Fig. F.9). With more PVA chains present in the vicinity of graphene,
PMMA chains can hardly enter the region and those entering the region tend to show
extended configurations (see Fig. F.9). Accordingly, the entire blending region show

orange colors, indicating oriented chains and improved thermal transport.

7.4.4  Role of Polymer Monolayer
The vibrational density of states (VDOS) analysis is widely used to differentiate
the vibrational modes of materials forming an interface. VDOS can be calculated by the

Fourier transformation of the velocity autocorrelation function as:

VDOS(f) = jo‘” e 2IC (1) dr 7.1)
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Fig. 7.8 Partial vibrational density of states (VDOS) of (a) GIPVA and (b) G32PVA. (¢)
Cumulative correlation factor. VDOS is decomposed into three groups, namely, PVA,
PMMA, and sp? carbon atoms of graphene.

Here, VDOS is a function of frequency f, and CV(T) is the normalized velocity

autocorrelation function. Atomic velocities were obtained from equilibrium MD
simulations with the sampling period of 2.0 fs. Based on VDOS, a cumulative correlation

factor (M) has been defined to quantify the cumulative overlap of vibrational modes

between two materials up to a cutoff frequency of I

[ vDOs, (1) vDOs, () df

= = (7.2)
J, vDOs, (/) df - | VDOS (/) df

M(f)=

where subscripts 4 and B denote two materials comprising the interface. A large
value of cumulative correlation factor indicates a high overlap of vibrational modes

between two materials (below the cutoff frequency) and hence a good interfacial thermal
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conduction. The cumulative correlation factor is equivalent to the correlation factor defined
in previous studies when the cutoff frequency is larger than the maximum frequency of all
vibrational modes.%" ¢!

PVA is found to serve as an excellent linker material mediating the vibrational
mismatch between graphene and PMMA in G32PVA. Fig. 7.8(a) and (b) plots the VDOS
of GIPVA and G32PVA decomposed into three groups, namely, PVA, PMMA and sp?
carbon atoms of graphene, respectively. Obviously, all vibrational modes of graphene are
below 61THz. With increasing PVA chains on graphene, more sp? carbon atoms are
transform into sp® carbon, leading to a broad peak at 51.5 THz in the VDOS of G32PVA.
This vibrational mode has a good overlap with PMMA as shown in Fig. 7.8(b). However,
this coupling does not contribute much to the interfacial thermal transport in G32PV A since
graphene and PMMA in this system are not in direct contact. On the other hand, PMMA
has vibrational modes below 50 THz and around 89.9 THz. The later vibrational mode
corresponds to C-H stretch and has no overlap with the VDOS of graphene but high
coincidence with that of PVA. In addition to that, PVA also has prominent vibrational
modes at 110.5 THz and 112.4 THz relating to the vibration of hydroxyl groups. These
high-frequency vibrational modes of PVA have no overlap with that of PMMA and
graphene. However, hydroxyl groups have been found to facilitate thermal transport across
the Au/organic liquid interface?* and the graphene/PMMA matrix.?? Therefore, overlap of
vibrational modes is just one mechanism of improving interfacial thermal conduction,
which may cooperate with other mechanisms. From the VDOS analyses, PVA is shown to

have much higher overlap with PMMA than graphene does, with all vibrational modes
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included as shown in Fig. 7.8(c). Due to the confinement effect of PVA chains on PMMA,
the overlap between PVA and PMMA in G32PVA is slightly higher than that in GIPVA.

The contributions of different heat transfer paths can be quantified by the integrated
autocorrelation of interfacial heat power in the form of J : < p(t)- p(0)> dz , where p(r) is

the instantaneous interfacial heat power exchanged between two materials at the interface.
According to Green-Kubo fluctuation theorem, the integrated autocorrelation of interfacial

heat power is proportional to interfacial thermal conductance.

0.10+

(p(0) - p(t))dt (kcal? -mol~2 - fs™1)

0 10 20 30 40
Time (ps)

Fig. 7.9 Integrated autocorrelation of interfacial heat power (a) between PVA and PMMA
and (b) between graphene (sp’ carbons) and PMMA. The dashed lines show converged
values of the integrals.
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In this study, the contributions of two non-bonded interfacial heat transfer paths are
analyzed as shown in Fig. 7.9, where converged values are showed by the dashed lines.
Fig. 7.9a shows that the converged value between PVA and PMMA increases with the
number of X from 1 to 8, 16, and 32, meaning that heat conduction is more efficient from
PVA to PMMA when more PVA chains exist. On the other hand, the converged value
between graphene and PMMA first increases and then decreases with the number of PVA
chains. There are two competing factors affecting interfacial thermal transport between
PMMA and graphene. Due to hydrogen bonds, PMMA is attracted to be closer to PVA,
which increases the interaction between PMMA and graphene.”®> Meanwhile, steric
repulsion between PV A chains leads to fewer PMMA chains blended with PVA. As shown
in Fig. 7.5, the number density of PMMA in the blending region of G8PVA is slightly
lower than that of GIPVA. As a result, the benefit from having more PVA chains is more
significant than the loss. On the other hand, the number density drops sharply with more
than eight PVA chains. The effect of PVA chains dominates and less heat is transferred
directly from graphene to PMMA. It is worth noting that heat energy transferred between
PVA and PMMA is much larger than that between graphene and PMMA, except for

G1PVA. All these results show that PV A chains serve as an efficient heat transfer channel.

7.4.5 Dependence on Interfacial Adhesion

How interfacial thermal conductance depends on the interfacial adhesion has
attracted considerable interests. Different from vibrational modes of materials which
represent bonding stiffness at equilibrium, interfacial adhesion describes the interfacial

bonding strength and affinity between materials forming the interface. Fig. 7.10 plots the
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pullout force with the separation between PV A-functionalized graphene and the PMMA
matrix. The peak pullout force represents the force required to break the interface. Both the
peak force and the endurance are shown to increase with the number of PVA chains. In
these systems, the PMMA matrix is well mixed with PVA chains with hydrogen bonds in
between, which enhances the interfacial bonding strength. Compared with GE8PVA and
G16PVA, G32PVA shows lower pullout force and endurance, since less PMMA chains
penetrate into the forest of PVA chains leading to a “flat” interface between the two
materials. In this study, the work of adhesion is evaluated by the integration of the force-
separation curve. As shown in the inset of Fig. 7.10, the work of adhesion of GXPVA
increases with X from 0 to 16 and then sharply drops from G16PVA to G32PVA. This
finding is different from most previous results that interfacial thermal conductance increase

62-64 and interfacial toughness at metal/

with the work of adhesion at solid/liquid interface
monolayer interface.?* The discrepancy verifies that ® that the correlation between

interfacial thermal conductance and interfacial adhesion is not universal.
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Fig. 7.10. Pullout force versus interfacial separation. G denotes the pristine
graphene/PMMA interface. The inset plots the work of adhesion for different interfaces.
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Fig. 7.11. Interfacial thermal conductance versus the proportion of vinyl alcohol (VA) units
in the copolymer of ethylene and vinyl alcohol (EVOH).

7.4.6  Effect of Hydrogen Bonding Density
To further elucidate the role of hydrogen bonding, we studied interfacial thermal

conductance of systems with 32 ethylene vinyl alcohol (EVOH) chains. EVOH is a

copolymer of ethylene and vinyl alcohol with the chemical formula of —[(C2H4)x —

(C2H30H)y]m. Hydrogen bonds form between vinyl alcohol and PMMA, and between vinyl
alcohol and vinyl alcohol. Hydrogen bond formation capability is controllable by varying
the proportion of vinyl alcohol in the system with total number of carbon atoms fixed in
the main chains of EVOH. Here, fours systems are compared with (x, y, m) equal to (0, 1,
8), (1,1,4),(3,1,2),and (8, 0, 1), respectively. Their maximum hydrogen bond formation
capabilities are evaluated to be 1.0, 0.5, 0.25, and 0, respectively. Particularly, graphene is
functionalized by only polyvinyl alcohol chains in the system with (0, 1, 8), and only
polyethylene chains for that with (8, 0, 1). As shown in Fig. 7.11, interfacial thermal
conductance increases with the hydrogen bonding density and the proportion of vinyl

alcohol groups. Compared with graphene functionalized with polyethylene chains,
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graphene with polyvinyl alcohol chains has interfacial thermal conductance increases by
17.1% by two factors. First, the hydrogen bonding between vinyl alcohol molecules
facilitates thermal transport along EVOH chains. Second, the hydrogen bonding between

vinyl alcohol and PMMA assists thermal transport across the interface.

7.5 Conclusion

A hierarchical heat spreader of polymer monolayer is introduced to tune interfacial
thermal conductance between graphene and the PMMA polymer matrix. Thermal
properties and morphology of molecules at the interface are studied by molecular dynamics
simulations. Compared with pristine monolayer graphene, functionalized graphene shows
drastically enhanced (5.2 times) interfacial thermal conductance by grafting 32 polyvinyl
alcohol (PVA). The addition of only a few PV A chains can result in the same improvements
caused by much denser hydroxyl groups. The hydrogen-bonded interface features
insignificant temperature drop and a smooth temperature field across the interface. There
are three factors contributing to the significantly enhanced interfacial thermal conduction.
First, both the extended conformation and interchain hydrogen bonding improve the along-
chain conductivity of PVA. The denser PVA monolayer is semi-crystalline due to
interchain steric repulsion and hydrogen bonding. Even the sparse PVA monolayer shows
the stand-up configuration due to the hydrogen bonds formed with PMMA. Second, PVA
has better vibrational overlap with PMMA than graphene. Both the high overlap and the
hydrogen bonding between PMMA and PVA improve heat transfer across the interface.

Third, the covalent bonding between graphene and PVA chains enables efficient thermal
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transport. All these three factors constitute an efficient thermal transport path: graphene —

PVA — PMMA.

Additionally, interfacial thermal conductance is found to not fully correlated with
interfacial adhesion, which diverges away from some of the previous reports. When the
number of grafted PVA chains is below 16, interfacial thermal conductance increases with
the work of adhesion needed to pull functionalized graphene out from the matrix. However,
as the number of PVA chains further increases from 16 to 32, interfacial adhesion
drastically decreases while interfacial thermal conductance keeps increasing. In other
words, it is not universal that interfacial thermal conductance increases with interfacial
adhesion. Finally, the role of hydrogen bonding is further demonstrated by varying the
proportion of vinyl alcohol repeat units in the EVOH-functionalized graphene/PMMA
interface. Interfacial thermal conductance increases with the amount of vinyl alcohol units
as well as the density of hydrogen bonds. Interfacial thermal conductance of graphene
grafted with PVA chains is 17.1% higher than that of graphene grafted with polyethylene
chains of the same number and the same length. In addition to improving interfacial thermal
conductance, the hierarchically hydrogen-bonded molecular interface may also improve
dispersion of graphene which is critical to the overall properties of composites. The concept
opens a new avenue to tune interfacial thermal transport in polymer composites and

biomaterials towards a variety of applications.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK

The objective of this work is to explore how hydrogen bonding affects nanoscale
thermal transport at interfaces of bundled nanostructures and interfaces between dissimilar
materials. To this end, three representative materials systems were investigated, including
nanocrystals of silk proteins, nanocrystalline polymer fibers, and functionalized
graphene/polymer nanocomposites. In the first two cases, heat conducts along polymer
chains, which is parallel to the interface between neighboring chains. In nanocomposites,
heat flow is perpendicular to material interfaces. In all cases, hydrogen bonds are found to
significantly facilitate nanoscale thermal transport.

In bundled nanostructures of the beta strands and polymer chains, hydrogen bonds
form between the constituting units of the materials. Along-chain thermal conductivities
increase with the number of individual beta strands and polymer chains before plateaus are
reached, which are several times higher than those of single components. By a thermal
resistance model, we find that interior beta strands have higher thermal conductivities than
the edge strands due to the larger number of hydrogen bonds formed between interior
strands. When beta strands are composed of the same type of amino acids, the thermal
conductance of each strand is comparable. The poly-G beta sheet shows the highest thermal
conductivity due to the smaller cross-sectional area and small side groups. By comparison,
thermal conductivity of the poly-GA beta sheet is much lower due to the alternating amino
acids along the chains and resulting phonon scattering. The density effect of hydrogen

bonds is investigated by varying the number of CHz in the repeating units of nylon. Thermal
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conductivity increases with the density of hydrogen bonds. In addition, MD results indicate
that hydrogen bonds restrict the torsion of polymer chains and increase the stiffness of the
polymer nanofiber. As a result, group velocities of longitudinal and transverse acoustic
phonons are enhanced significantly, which enables fast transport of heat carriers. All these
results demonstrate the possibility of improving thermal transport by designing hydrogen
bonds.

We investigated the effect of hydrogen bonds on thermal transport at the interface
between mechanically dissimilar materials in nanocomposites. Hydroxyl groups are
introduced to the surfaces of graphene to form hydrogen bonds with the PMMA matrix.
Interfacial thermal conductance is enhanced by 218% compared with that between pristine
graphene and PMMA, and 68% larger than that between CH3 functionalize graphene and
PMMA. The enhancement originates from three factors. First, strong hydrogen bonds pull
PMMA molecules closer to the graphene surfaces, which enhances interfacial association.
Second, hydroxyl groups have better vibrational coupling with PMMA at low frequencies.
Last but not least, hydrogen bonding provides a heat transfer channel which is much more
efficient than that between graphene and the polymer matrix. All the results suggest that
hydrogen bonded interface can have much improved interfacial thermal conduction than
their non-hydrogen-bonded counterparts.

Interfacial thermal conduction can also be improved by introducing linker materials
which feature long molecular chains. For instance, grafting graphene with 7.14%
polyethylene chains improves the interfacial thermal conductance by 431.3% between

graphene and PMMA, mainly due to four reasons. First, PE chains are covalently grafted
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on graphene, which assists heat transport from graphene to PE. Second, when grafting
density is high, polyethylene chains feature extended conformation and have thermal
conductivity 456% higher than that of the bulk PMMA. Third, vibration coupling between
PE and PMMA is much larger than that between graphene and PMMA. Furthermore,
alignment of PE chains results in a larger contact area with the embedded PMMA matrix
and higher work of adhesion.

Based on these understanding, a hierarchical heat spreader is proposed to further
enhance interfacial thermal transport between organic and inorganic materials. Instead of
PE, polyvinyl alcohol (PVA) chains are grafted onto graphene to improve interfacial
thermal conduction. Different from PE chains, PVA chains are extended on graphene even
at a low coverage density. When the coverage density is high, hydrogen bonds form not
only between PVA and PMMA but also between PVA chains. With the same length of 32
polymer chains, PVA-grafted graphene with PMMA show an interfacial thermal
conductivity 17.1% larger than that between PE-grafted graphene with PMMA. In addition
to enhancing interfacial thermal transport, hydrogen bonds may also improve the
dispersion of graphene fillers. A word of caution is that interfacial thermal conductance
does not always have a linear correlation with the interfacial adhesion.

Despite the significant progress, there are still plenty of topics to be studied in the
future for a more comprehensive understanding. Several of them are listed as follows:
effect of hydrogen bond strength on thermal transport along polymer chains; role of
hydrogen bonds when heat flow is perpendicular to the interfaces in bundled nanostructures;

effect of hydrogen bonds on thermal transport when heat is parallel to the interfaces
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between dissimilar materials; and effect of hydrogen bonds when the filler materials are
randomly oriented in polymer nanocomposites. Insights from all these studies may guide

the engineering of advanced hydrogen-bonded materials for desired thermal properties.



188

APPENDICES



189

APPENDIX A

SUPPLEMENTAL MATERIAL OF CHAPTER 2

A.1 Structure

This study is focused on poly-A B-sheet because according to experiment, the [3-
sheet is an important component of N. Clavipes spider silk [Figure A.1(a)]. The atomistic
structure of poly-A B-sheet was build based on previous work that simulates the mechanical
response of poly-A B-sheets '. Our B-sheet models were verified by visualization with the
Visual Molecular Dynamics (VMD) package 2. A snapshot from VMD [Figure A.1(b)]

shows that hydrogen bonds (red lines) are spontaneously formed in the equilibrated B-sheet

structure.
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-MaSp1 AG(A) GGAGQGGYGGLGSQGAGRGGLGGQG a g
(NQGA) $ =90
n=4-7 o g
Amorphous sequence (Gly-rich (Pro-rich)) £ 5
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Figure A.1. (a) The protein sequence of MaSp1 and MaSp2 N. Clavipes spider silk °. (b)
A snapshot of the simulation model from VMD. (¢) Percentage of hydrogen bond

formation versus simulation time. (d) Structural comparison for a 3-sheet before and after
energy exchange.
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To demonstrate the stability of hydrogen bonds in our models, Figure A.1(c) plots
the percentage of hydrogen bond formation versus simulation time. The rate of hydrogen
bond formation is calculated by taking a ratio between the number of hydrogen bonds at
any time instant and the number of hydrogen bonds that could be formed in the ideal
condition. Results show that the percentage of hydrogen bond formation remains ~91%
during the equilibration and the energy exchange procedures. VMD snapshots in Figure
A.1(d) denote that the structure does not change much in energy exchange. The
insensitivity of protein structure to energy exchange is due to the very careful procedure
we followed when performing the research. The frequency of energy exchange was fine-
tuned for all jobs such that the temperature difference between the two ends of the protein
is about 30+2 K. The temperature difference is small enough to avoid protein denaturation
at high temperatures *. It is also large enough to overcome thermal perturbation such that
smooth temperature profiles could be obtained.

We note that molecular dynamics simulation does not require the identification of
hydrogen bonds. However, we need to identify hydrogen bonds in the visualization and
analysis processes, e.g. Figure A.1(b,c). Although there are several different geometric
definitions of hydrogen bonds available > 6, we employed a widely adopted criterion ’
wherein the distance between the donor (D) and the acceptor (A) is less than 3.5 Angstrom,
and the angle of ADH is less than 30 degree (H represents the hydrogen atom). Using

different criteria could give slightly different numbers of hydrogen bonds. However, this

would not affect any simulation result because molecular dynamics simulation does not
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involve the identification of hydrogen bonds. This would not significantly affect

visualization and analysis [e.g. Figure A.1(b,c)] either because the physics is not changed.

A.2 Determination of Unit Cell Size

Stress state plays a key role in thermal transport ®'°, In the present work, we
attempted to make the model under a free stress state. We also attempted to make it not
floppy in the length direction so that there was no transverse expansion and oscillation. The
model generated this way enabled us to focus on the intrinsic effects of hydrogen bonding

on thermal transport.
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Figure A.2. Variations of (a) system potential energy and (b) number of hydrogen bonds
with respect to unit cell size along the length direction. The horizontal axes are normalized
by the currently adopted unit cell size, 0.396 nm per residue. When the normalized unit
cell size is larger than 1, the 3-strands are stressed under tension. When the normalized unit
cell size is smaller than 1, the B-strands are sloppy leading to transverse expansion.
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The desired model was generated by choosing an appropriate unit cell size in the
length direction. Theoretically, when the unit cell size is too small, the transverse expansion
would happen. This will (1) break some of the hydrogen bonds, and (2) increase potential
energy due to forced bending of the B-sheet. Similarly, when the unit cell size is too large,
the B-sheet would be stressed, increasing potential energy and breaking some of the
hydrogen bonds.

Therefore, at the “appropriate” unit cell size, system potential energy should
minimize, and the number of hydrogen bonds should maximize. Figure A.2 shows the
variations of potential energy and the number of hydrogen bond as functions of the unit
cell size along the length direction. To be clear, the unit cell size is normalized by the size
adopted for this research, 0.396 nm per residue. It is shown that potential energy minimizes
and the number of hydrogen bond maximizes at the chosen unit cell size. This demonstrates
that the structures adopted in this research are free from significant stress and transverse
expansion. This is also evidenced by the snapshots shown in Figure A.1(b,d) where no

transverse expansion is observed.

A.3 Determination of Area
Thermal conductivity calculation involves a critical parameter — area. The
determination of the area (or thickness) of low-dimensional materials (e.g. graphene and

carbon nanotube) has been an active research topic for several years. Many previous papers

studying the thermal properties of graphene have used the thickness of 0.335 nm ' 12, This

represents a common approach to obtain the thickness of graphene — consider graphene as

a uniform slab in graphite and adopt the interlayer spacing in graphite as the thickness of
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graphene. There are also several other ways to determine the graphene thickness, but most
of them give consistent results '°.

For B-strands, we adopted an approach similar to that commonly used for graphene.
First, a block of B-strands (Figure A.3b) was generated and equilibrated for 20 ns.
Snapshots were generated every 10ps during the last 10 ns simulation. Each snapshot gave
a “lattice” formed by the interior 25 B-strands (Figure A.3c). Lattice parameters were then
averaged to achieve the area associated with each B-strand. Averaging over the 1000

snapshots led to a value of 0.236 nm?, which was used in all the thermal conductivity

calculations presented in this work.

& ¢ a¢e
@ % 8 g @
> b8P a@
& e e
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Figure A.3. Determination of the area associated with each [B-strand: (a) a [-sheet
consisting of 9 B-strands; (b) a block of B-strands (9 layers of 9-strand B-sheets, totaling
81 B-strands); (¢) The “lattice” formed by the interior 5x5 B-strands. The area associated
with each -strand is an average over the 25 B-strands during a 10 ns simulation.
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A.4 Representative Temperature Profile and Determination of d7/dx
Thermal conductivity calculation also involves another critical parameter, i.e. d7/dx,
which should be determined by molecular simulations under the Muller-Plathe framework.
Figure A.4 shows the variation of temperature along the length direction of an A16-7-1 -
sheet. The B-sheet was divided into 16 slabs for evaluating temperature. The curve is
nonlinear. Previous applications of the Muller-Plathe method *!° suggested using the

relatively linear region in the curve to evaluate d7/dx. In this work, only the temperatures

for slabs 5~13 were used to fit d77/dx.

320 .
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Figure A.4. Determination of d7/dx. The temperature profile is along the length direction.
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A.5 Phonon Density of States (DOS) and Partial DOS Profiles for Representative [3-

Sheet Structures
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Figure A.5. (a) Phonon DOS profiles of three antiparallel B-sheet structures (A16-1-1, A16-
3-1, and A16-5-1). Partial phonon DOS projected on (b) backbone atoms, (c) H atoms
(hydrogen atoms bonded to nitrogen atoms), (d) HA atoms (hydrogen atoms bonded to o-
carbon atoms), (¢) HB atoms (hydrogen atoms of methyl groups), and (f) nitrogen atoms
(denoted by N). (a) and (b) show that phonon spectra of A16-3-1 and A16-5-1 are close to
each other but different from that of A16-1-1. The inset of (c) shows that frequency of
phonons corresponding to the vibration of H atoms shifts from 101.2 to 100.8 THz due to
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hydrogen bonding. (d) and (e) demonstrate that primary phonon modes of HA and HB have
the frequency of 88.6 and 84.8 THz, respectively. (f) shows a blue shift in the frequency of
the phonon mode of N atoms in low-frequency regime, from A16-1-1 to A16-3-1 and A16-
5-1.
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APPENDIX B

SUPPLEMENTAL MATERIAL OF CHAPTER 3

B.1 Structure

The atomistic structures of the [-sheets were build based on previous work

simulating the mechanical response of [-sheets !

. Our models were verified by
visualization with the Visual Molecular Dynamics (VMD) package 2. A snapshot from
VMD [Figure B.1(a)] shows that hydrogen bonds (red lines) are spontaneously formed in
the equilibrated B-sheet structure.

To demonstrate the stability of hydrogen bonds in our models, Figure B.1(b) plots
the percentage of hydrogen bond formation versus simulation time. The percentage of
hydrogen bond formation was calculated by taking a ratio between the number of hydrogen
bonds at any time instant and the number of hydrogen bonds that could be formed in the
ideal condition. Results show that the percentage of hydrogen bond formation remains ~91%
during the equilibration and velocity swapping procedures. VMD snapshots in Figure B.1(c)
show that the structure does not change much in velocity swapping.

The insensitivity of protein structure to velocity swapping is due to the very careful
procedure we followed when performing the simulations. The frequency of temperature
swap was fine-tuned for all jobs such that the temperature difference between the two ends
of the protein is about 3042 K. The temperature difference is small enough to avoid protein

3

denaturation at high temperatures °. It is also large enough to overcome thermal

perturbation such that smooth temperature profiles could be obtained.
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Figure B.1. (a) A snapshot of the simulation model from VMD. (b) Percentage of hydrogen

bond formation versus simulation time. (c¢) Structural comparison for a 3-sheet before and
after velocity swapping.

B.2 Identification of Hydrogen Bonds

Molecular dynamics simulation does not require the identification of hydrogen
bonds. However, we need to identify hydrogen bonds in the visualization and analysis
processes, e.g. Figure B.1(a,b). Although there are several different geometric definitions

of hydrogen bonds available 3, we employed the default criteria in VMD °©:
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“A hydrogen bond is formed between an atom with a hydrogen bonded to it (the
donor, D) and another atom (the acceptor, A) provided that the distance D-A is less than
the cut-off distance (default 3.5 Angstroms) and the angle D-H-A is less than the cut-off
angle (default 30 degrees).”

We note that, using different criteria could give slightly different numbers of
hydrogen bonds. However, this would not affect any simulation result because molecular
dynamics simulation does not involve the identification of hydrogen bonds. This would not

significantly affect visualization and analysis [e.g. Figure B.1(a,b)] either because the

physics is not changed.
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Figure B.2. Temperature profile along the length of a -sheet
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B.3 Calculation of Thermal Conductivity
To calculate thermal conductivity, we adopted the reverse non-equilibrium
molecular dynamics method developed by Muller-Plathe 78 which generates a heat flux by
a velocity swapping algorithm. Each non-equilibrium molecular dynamics simulation led
to a temperature profile similar to that shown in Figure B.2. The temperature profile is
nonlinear due to the perturbation caused by the artificial velocity swapping. An average
was taken between the temperature profiles to the left and right of the heat source. Line
regression of the linear portion of the temperature profile was then calculated to obtain the
temperature gradient. On the other hand, the induced heat flux was evaluated by
J =AE/2tA,where ! denotes the time interval between two swaps, AE is the averaged
kinetic energy transferred per swap, A is the cross-sectional area of the material, and the
coefficient “2” reflects the two symmetric heat transport paths from the hot slab to the cold
slab. The value of 4 was calculated based on the chain-averaged cross-sectional area in the

multilayer nanocrystals. Finally by Fourier’s law, thermal conductivity was calculated by

Kk=—J/ % , Where ”f—é is the temperature gradient along the x-direction.
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APPENDIX C

SUPPLEMENTAL MATERIAL OF CHAPTER 4

C.1 OPLSAA Force Field

We used OPLSAA force field" ? to describe interatomic interactions for nylon
nanocrystals. The total potential energy comprises non-bonded potential, bond stretching
potential, angle bending potential, and torsional potential. Table C.1 provides the non-
bonded Lennard-Jones 12-6 potential parameters and charges of all atom types in nylon.
The inset of Table C.1 illustrates the atom types of nylon 4. The geometric mixing rule is
used to evaluate the non-bonded parameters between different atom types, i.e. & = (&i
* £,)%3 and oy =( 0w * o). Potential parameters for bond, angle, and dihedral are shown

in Table C.2-4, respectively.

Table C.1. Non-bonded potential parameters for all atom types of nylon

Atom type q(e) e (kcal- mol™') 6 (A)
C 0.500 0.105 3.750
CT 0.080 0.066 3.500 O HC HC HC HC
CT1 -0.120 0.066 3.500 I %’ / %/
I
) . : | 7\
N -0.500 0.170 3.250 H HCHC

O -0.500 0.210 2.960
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Table C.2. Bond stretching potential parameters for all bond types of nylon

Bond type k (kcal -mol” - A?) Ry (A

C-CT1 317.00 1.522
C-N 490.00 1.335
C-O 570.00 1.229

CT-CT1 268.00 1.529

CT-HC 340.00 1.090
CT-N 337.00 1.449

CT1-CT1 268.00 1.529
CT1-HC 340.00 1.090
H-N 434.00 1.010

Table C.3. Angle bending potential parameters for all angle types of nylon

Angle type k4 (kcal- mol -radian”) € (degree)

C-CT1-CT1 63.00 111.10
C-CT1-HC 35.00 109.50
C-N-CT 50.00 121.90
C-N-H 35.00 119.80
CT-CTI1-CTl1 58.35 112.70
CT-CTI1-HC 37.50 110.70
CT-N-H 38.00 118.40
CT1-C-N 70.00 116.60
CT1-C-O 80.00 120.40
CT1-CT-HC 37.50 110.70
CT1-CT-N 80.00 109.70
CT1-CT1-HC 37.50 110.70
HC-CT-HC 33.00 107.80
HC-CT-N 35.00 109.50
HC-CT1-HC 33.00 107.80

N-C-O 80.00 122.90




206

Table C.4. Torsional potential parameters for all dihedral types of nylon

Dihedral type ¥, (kcal: mol”) ¥, (kcal- mol") ¥ (kcal: mol") ¥, (kcal- mol")

C-CT1-CT1-CT -2.060 -0.313 0.315 0.000
C-CT1-CT1-HC 0.000 0.000 -0.100 0.000
CT-CTI1-CT1-HC 0.000 0.000 0.300 0.000
CT1-C-N-CT 2.300 6.089 0.000 0.000
CT1-C-N-H 0.000 4.900 0.000 0.000
CT1-CT-N-C 0.000 0.462 0.000 0.000
CT1-CT-N-H 0.000 0.000 0.000 0.000
HC-CT-CT1-CT1 0.000 0.000 0.300 0.000
HC-CT-CT1-HC 0.000 0.000 0.300 0.000
HC-CT-N-C 0.000 0.000 0.000 0.000
HC-CT-N-H 0.000 0.000 0.000 0.000
HC-CT1-CT1-HC 0.000 0.000 0.300 0.000
N-C-CT1-CT1 1.173 0.189 -1.200 0.000
N-C-CT1-HC 0.000 0.000 0.000 0.000
N-CT-CT1-CT1 0.845 -0.962 0.713 0.000
N-CT-CT1-HC 0.000 0.000 0.464 0.000
0-C-CT1-CT1 0.000 0.000 0.000 0.000
O-C-CT1-HC 0.000 0.000 0.000 0.000
O-C-N-CT 0.000 6.089 0.000 0.000
O-C-N-H 0.000 4.900 0.000 0.000

C.2 Effects of Torsional Disorder on Thermal Conduction

We chose the single-chain nylon 4 and the 2x1 nanofiber as two examples to
demonstrate the effects of torsional disorder on thermal conduction. The torsional disorder
was controlled by adjusting the dihedral potential in the OPLSAA force field. In the case
with full dihedral potential, the torsional motion of polymer segments is restricted leading
to more ordered chain structures. When the dihedral potential is neglected, however, the
structures are more disordered. Evidence can be found in Figure C.1(a), which shows less
deviated dihedrals when the computation includes the dihedral potential. Figure C.1(b)
further establishes the correlation between structural order and thermal conductivity. For

both the single-chain and 2x1 nylon 4, thermal conductivity is found to be higher when the
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dihedral potential is considered (i.e. when the structure is more ordered). The most
significant contribution of the present paper is to provide a feasible means to confine the

torsional disorder by hydrogen bonds for improved thermal conductivities.
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Figure C.1. (a) Dihedral distributions of nylon4-20-1-1 computed with and without
considering the dihedral potential in the force field. (b) Thermal conductivities of nylon4-
20-1-1 and nylon4-20-2-1 computed with and without the dihedral potential.
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C.3 Normalized Distributions of 12 Types of Dihedrals in Nylon2-20-m-1
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C.4 Time Histories of 12 Types of Dihedrals in Nylon2-20-m-1
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Figure C.3. Mean value of dihedral angles versus time.
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APPENDIX D

SUPPORTING INFORMATION OF CHAPTER 5
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PMMA was fixed and the red arrow shows the direction of pulling the graphene or
functionalized graphene. Periodic boundary conditions were applied in the transverse
directions perpendicular to the pulling direction. The results were obtained by averaging
the simulation results from five runs with randomized initial atomic velocities at 300 K.



217

—~ ——Graphene —— PMMA = Graphene PMMA
= © :
. = 1 MLG:
o 3
3 N
2 >
> 2
o | ks
5 2
2 B
£ 5
(a) , | () . :
~] —— Graphene —PMMA——-CH,/ 3 4 —— Graphene ——PMMA ——-CH,
S ] < {MLG-CH,;:
S 1 8
3 S |
la il > ]
> ] 2
(O o
g ] 2 |
[ S ]
£ ] g
() (@)~
~] —— Graphene PMMA——-OH| 3 | —— Graphene PMMA —— -OH
(:Us_ ] ~ {MLG-OH:
— IMLG-OH: 3
o ]
O 1 0
2 1 > ]
> ] 2
o ] x
g e
2 S
£ ] 5
(e) 1 f©°

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Frequency (THz) Frequency (THz)

Figure D.3. In-plane and out-of-plane vibrational density of states (VDOS) of different
components in three material systems: (a) in-plane and (b) out-of-plane VDOS for MLG,
(c) in-plane and (d) out-of-plane VDOS for MLG-CH3, and (e) in-plane and (f) out-of-
plane VDOS for MLG-OH.
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Figure D.4. In-plane and out-of-plane cumulative correlation factors between PMMA and
different components of the filler materials: (a) in-plane and (b) out-of-plane cumulative
correlation factors between the graphene and PMMA in MLG, between the hydroxyl
groups and PMMA in MLG-OH, and between the methyl groups and PMMA in MLG-
CHs; (c) in-plane and (d) out-of-plane cumulative correlation factors between the sp?
carbon atoms in graphene and PMMA in MLG, MLG-OH, and MLG-CH3s.
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CHj3 (right).



219

I
iy
&)

Graphene
O from -OH

Graphene
O from -OH S =25%

Graphene
S$=6.25% —— O from -OH S=12.5%

—— H from -OH —— H from -OH —— H from -OH

0.50+

o
=}
=}

I<p(0)-p(t)>dt (kcal*mol*fs™)

0 10 20 30 40 10 20 30 40 10 20 30 40
Time (ps) (b) Time (ps) (c) Time (ps)

—~
(V)
-

Figure D.6. The integrated autocorrelation of interfacial heat power between three
components of the hydroxyl-functionalized graphene (i.e. sp*> carbon atoms, and the
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degrees of functionalization (S): (a) 6.25%, (b) 12.5%, and (c) 25%. The dashed lines
approximate the converged values.
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Figure D.7. The integrated autocorrelation of interfacial heat power between three
components of the methyl-functionalized graphene (i.e. sp* carbon atoms, and the carbon
and hydrogen atoms from the methyl groups) and PMMA in MLG-CH3 at three degrees of
functionalization (S): (a) 6.25%, (b) 12.5%, and (c) 25%. The dashed lines approximate the
converged values.
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power is calculated. The converged value is approximated by the mean value of all data
points in the last half period of oscillation as shown in the dashed box. The error is
estimated by the difference between the maximum value and the mean value in in the
dashed box.
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Figure D.10. Schematic representation of a hydrogen bond. The geometric criterion
employed to identify hydrogen bonds is based on: (1) the distance between the hydrogen
bond donor (D) and acceptor (A), and (2) the angle of D-H-A.
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APPENDIX E

SUPPORTING INFORMATION OF CHAPTER 6

Heat Sink Heat Source
250 K 400 K

Figure E.1. A molecular dynamics simulation system to evaluate interfacial thermal
conductance by nonequilibrium molecular dynamics method. Blue, orange, and green
spheres: poly-(methyl methacrylate) (PMMA), polyethylene, and graphene. Atoms in the
gray region are fixed. The temperature of the heat source and the heat sink was set to be
400 K and 250 K, respectively. Periodic boundary conditions (PBC) were applied in all
three directions.
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Figure E.2. Atomic number density distributions of graphene and two functional
polyethylene chains for G32PE8. Two polyethylene chains are chosen randomly from
G32PES in (a-f) with a comparable distance of grafting points with that of G1PES.



1.0
—a— End-to-End Distance
—e— Height
0.84
0.6
0.4 T T T
1 8 16 32
X of GXPE8

224

Figure E.3. Normalized end-to-end length and height of PE chains versus the number of
PE chains in GXPES (8 repeat units). Actual lengths and heights are normalized by the
length of fully extended PE chains. The normalized length quantifies the extent to which
PE chains are stretched. In addition to this stretching ratio, the normalized height also
present the angle of chain with respect to the surface.
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Figure E.4. Temperature contours of graphene and two functional polyethylene chains for
G32PES8. Two polyethylene chains are chosen randomly from G32PES in (a-f) with a
comparable distance of grafting points with that of G1PES.
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Figure E.5. Local Herman’s orientation factors of main chains of polyethylene molecules
and PMMA matrix for (a) G32PES, (b) G16PES, (c) G8PES, and (d) GI1PES, respectively.
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SUPPORTING INFORMATION OF CHAPTER 7

Heat Sink Heat Source

Fig. F.1. A system setup for nonequilibrium molecular dynamics simulations (NEMD).
Green, yellow, and blue spheres: poly-(methyl methacrylate) (PMMA), polyvinyl alcohol
(PVA), and graphene. Atoms in the frozen region were fixed. Temperature of the heat
source and the heat sink were fixed to be 400 K and 250 K, respectively. Periodic boundary
conditions (PBC) were applied in all three directions.
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Fig. F.2. Heat energy added to the heat source by the Langevin thermostat versus time in
NEMD.
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Fig. F.3. Contour plots of the atomic number density of graphene and a pair of PVA chains
chosen from G32PVA. Two PVA chains in (a)-(d) were randomly chosen such that the
distance between their grafting points is comparable to that of GIPVA.

Fig. F.4. Geometric criterion to identify a hydrogen bond: (1) the distance between

hydrogen bond donor and acceptor; (2) the angle between the vector donor-H and H-
acceptor.
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Fig. F.5. Plots of hydrogen bonds formed with a pair of PVA chains of G32PVA. Atomic
number density is shown by gray colors. Red dots stand for the hydrogen bonds between
PVA and PMMA while blue dots represent those between PV A chains.
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Fig. F.7. Temperature contours of graphene and a pair of PVA chains of G32PVA. Two
PVA chains in (a)-(d) were randomly chosen such that the distance of grafting points is
comparable to that of GIPVA.
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Fig. F.8. Hydrogen bonds of GXPVA (a) between PVA and PMMA and (b) within PVA.
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