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ABSTRACT
Materials at the nanoscale show properties uniquely different from the bulk scale which when
controlled can be utilized for variety of thermal management applications. Different applications
require reduction, increase or directional control of thermal conductivity. This thesis focuses on
investigating thermal transport in two such application areas, viz., 1) thermoelectric energy
conversion and 2) thermal rectification. Using molecular dynamics simulations, several methods
for reducing of thermal conductivity in polyaniline and polyacetylene are investigated. The
reduction in thermal conductivity leads to improvement in thermoelectric figure of merit.
Thermal diodes allow heat transfer in one direction and prevents in the opposite direction. These
materials have potential application in phononics, i.e., for performing logic calculations with
phonons. Rectification obtained with existing material systems is either too small or too difficult
to implement. In this thesis, a more useful scheme is presented that provides higher rectification
using a single wall carbon nanotube (SWCNT) that is covalently functionalized near one end
with polyacetylene (PA). Although several thermal diodes are discussed in literature, more
complex phononic devices like thermal logic gates and thermal transistors have been sparingly
investigated. This thesis presents a first design of a thermal AND gate using asymmetric

graphene nanoribbon (GNR) and characterizes its performance.
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Chapter 1

Introduction

1.1. Fourier’s law of heat conduction

Heat transfer in solids is a widely researched topic dating back to 18" century. In 1807,
Jean Baptiste Joseph Fourier first formulated the transient heat conduction problem using partial
differential equations in his masterpiece, ‘Théorie de la propagation de la chaleur dans les
solides’ [1]. In English that translates to “Theory of heat propagation in solids”. Fourier’s law of
heat conduction is written as

J=—xVT. (1.2)
Here, J denotes the heat flux, « the thermal conductivity and VT the temperature gradient. This
was an immense contribution. Fourier’s formulation provides a very general framework that
describes any transient process involving molecular diffusion. It has been used to derive several
subsequent models, e.g., diffusion of a chemical species and flow of fluids through porous
media. Narasimhan provides an excellent review of the historical aspect, depth and
interdisciplinary nature of Fourier’s heat conduction equation [2]. Even after two centuries,
Fourier’s law provides the foundation for modeling heat transfer in solids. However, it does not
answer a very fundamental question: What is it that actually carries the heat? Is it the same for all

solids?
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1.2. Heat carriers for different material types

The physics of heat transfer has undergone considerable evolution through the last two centuries.
In the early 19th century, it was believed that an entity called ‘calorie’ carries heat from a hotter
body to a colder one [3]. Classical thermodynamics was developed mainly based on this
understanding. Since the involved theories are entirely phenomenological, it was possible to
ignore the physics of heat carriers. In 1914, Debye proposed that heat transmission occurs
through propagation of vibrational energy. This was the first correlation of heat transfer with the
kinematics of fundamental particles. Over the last century, rigorous experimentation has
demonstrated that heat is transmitted by the stochastic motion of fundamental particles such as
electrons, atoms and molecules.

For metals, electrons are the major heat carriers. This simplifies studying heat transfer and
enables formulation of the Weidman-Franz-Lorenz Law relating electrical and thermal
conductivities [4]. For non-metals, however, identifying the heat carrier is non-trivial due to the
possibility of multiple mechanisms of heat transfer. Other than electrons, atomic vibrations or
‘phonons’ form a major heat transfer mechanism. In a solid, atoms are tightly packed. The
increase in temperature in a region enhances atomic vibrations therein. This induces vibrations in
neighboring atoms. The vibrational energy propagates in this manner from a high temperature
region to a low temperature region. In several materials, e.g., polymers and lightly doped
semiconductors, electronic contribution to heat transfer is negligible and understanding phononic

transport becomes crucial.
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1.3. Phonon transport

Phonons have both a wave and a particle nature. When viewed as a wave, each phonon is a wave
of vibrational energy that transports through the solid. Each phonon wave has a definite
frequency and a wavelength. Superposition or interaction of multiple phonons creates a wave
packet that moves as a result of phonon transport. These wave packets are equivalently
represented as particles and provide a particle nature to phonon. Therefore, the dynamics of a
collection of phonon waves can be equivalently described by a collection of particles in a box
which collides with each other.

The interaction of atoms in a solid can be described by a potential ¢, such that the forces
on atoms are given as

F=-Vg. (1.2)
The process of a phonon wave getting deflected from its path due to interaction with another
phonon, material impurities or boundaries is called scattering. In a simplified model with no
impurity, each atom is assumed to be connected to their neighbors by linear springs. In such a
case, interaction potential ¢ is harmonic and different phonons do not interact among themselves
[3]. Consequently, there is no scattering mechanism present and phonons travel uninterrupted
from the high temperature region to the low temperature region. Since there is no resistance to
the flow of heat carriers, the thermal conductivity in this case becomes infinite. The
anharmonicity in the interaction potential causes the phonons to interact and thus scatter.
Therefore, even in a pure material, anharmonic atomic interaction leads to finite thermal
conductivity. The presence of impurity and boundaries causes additional scattering and further

lowers the thermal conductivity.
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1.3.1. Phonon transport at the nanoscale

In a bulk material (macro scale) at room temperature, phonon-phonon scattering dominates
compared to all other scattering mechanisms. As the material size shrinks, below a threshold
size, the phonon mean free path becomes comparable to material dimension [3, 5].
Consequently, boundary phonon scattering begins to dominate. Also, since the surface area to
volume ratio is inversely proportional to material dimension, phonon transport across material
interfaces begins strongly influencing the transport within the material [6, 7]. Since the physics
of phonon scattering and transport mechanisms for nanoscale materials is characteristically
different from bulk scale. This is manifested in thermal properties that are remarkably different
from bulk scale [8-10]. For instance, transverse thermal conductivity of silicon thin films
(thickness ~10-100 nm) is significantly less than that of bulk silicon [11-13]. The reduction is
caused by increase in phonon transmission resistance due to strong phonon boundary scattering.
In bulk materials, thermal conductivity is independent of the material size. In contrast, at the
nanoscale, it becomes size dependent. ‘Anomalous heat transfer’ refers to a class of problems in
low dimensional nanoscale systems, where the longitudinal thermal conductivity xof one-

dimensional and quasi one-dimensional atomic chains, e.g. silicon nanowires, polyethylene
chains, diverges with the length and number of atoms in the chain, i.e. x ~ L7 [14-19]. Here,

is a positive exponent and Lis the chain length. Carbon nanotubes (CNT) are quasi one-
dimensional nanostructures known for remarkable high thermal conductivity values [20-23].
Such novel thermal properties can be utilized for a wide range of thermal management problems
listed in Table 1.1, such as increasing the figure of merit in thermoelectric energy conversion by
reducing the thermal conductivity of polyacetylene. The applications can be classified into three

major categories, 1) applications with high thermal conductivity requirement 2) applications with
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low thermal conductivity requirement 3) applications with the requirement of directional control

of thermal conductivity, i.e. thermal rectification, as explained in section 1.4.

Table 1.1: Categories of thermal management applications

Category Application Materials or
Nanostructures involved
High thermal Enhancing heat transfer in nanoscale MOSFET, CPU Graphene [24-26]

conductivity
requirement

Low thermal
conductivity
requirement

—

Requirement of
directional control of
thermal conductivity

and other nano-electronic circuits.

Enhancing heat transfer from a solid surface to the
adjacent liquid during pool boiling.

Increasing the figure of merit for thermoelectric energy
conversion

Performing logic calculations with phonons. It requires
thermal rectification of heat flux, i.e. to allow heat
transfer only in one direction and prevent in the
opposite direction.

1.4. Calculation of phonon thermal conductivity

CNT [27-30]

CNT[31, 32]

Superlattice [33, 34]
Silicon Nanowire [8],
Electrically conducting
polymers (polyaniline,
Polyacetylene)[35, 36]

Mass graded CNT [37],
Polymer —silicon
Superlattice [38]

Calculation of «,is usually performed using the Boltzmann Transport Equation (BTE) [39,

40] or molecular dynamics (MD) simulations [7, 35]. In the BTE approach, the physics of

phonon scattering and transport is explicitly modeled. This requires prior understanding and

often some idealizations of the underlying thermal transport processes. In contrast, MD

simulations assume nothing about the transport processes in a material. The only input it requires

is a valid interatomic potential and boundary conditions. Therefore it is more fundamental and

can describe complicated phonon transport mechanisms.
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1.4.1. MD simulation

MD [41, 42] is a computer based deterministic simulation technique which considers each
atom in a material system as a sphere and solves Newton’s laws of motion for each of them
under the influence of a mutual interaction potential with other atoms. The interatomic potential
is the input to MD and usually obtained from either quantum mechanical calculations or from
experiments. The position and velocity of each atom is tracked at every instant of time. The
system proceeds forward in time by integrating the equation of motion under the constraints of
an imposed statistical ensemble (canonical, grand canonical, etc.). Because of its fundamental
nature, MD is routinely used to study and evaluate properties of systems at small length and time

scales [42, 43]. The two most commonly used MD methods for a « calculation in a dielectric

solid are the equilibrium MD (EMD) also known as the Green-Kubo method [44, 45] and non-

equilibrium MD (NEMD) [45, 46].

1.4.2. The Green-Kubo method

The Green-Kubo method calculates the thermal conductivity at the equilibrium state of the
system. Even when the system is in thermal equilibrium, there are heat fluxes in the material due
to statistical fluctuations in temperature. By using the fluctuation-dissipation theorem, the heat

flux autocorrelation function can be related to the thermal conductivity tensor as

k=[0I (1.3)

Here, kg denotes Boltzmann constant, V the system volume, T the temperature and Jthe heat

flux. The time constant 7 is the minimum time required for the heat flux autocorrelation function
to decay to zero. Since the full thermal conductivity tensor can be obtained, this method is more

appropriate for anisotropic systems. The main disadvantages of this method is that it takes a long
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time for the heat flux autocorrelation function to decay to zero and the predictions depend on the

size of the system [45].

1.4.3. The NEMD method

The NEMD is a more direct method in the sense that it mimics typical experiments to
evaluate the thermal conductivity. The typical simulation system for NEMD is shown in Fig. 1.1.
Two thin regions equidistant from left and right boundary are setup as source and sink. Periodic
boundary condition is imposed on the left and right boundaries. This eliminates the size

dependence of thermal conductivity. To set up heat transfer, at each timestep At, the velocities

L | "
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Figure 1.1: The simulation cell for calculating thermal conductivity along x direction using
NEMD method. The periodic boundary condition is applied to the right and the left boundary.

The heat sink and the source are equidistant from the right and left boundary respectively.

of the atoms in the source are scaled up, so that a net positive kinetic energy Ae is added to the
system and those in the sink are scaled down so that Ae amount of energy is removed from the
system thus keeping the total energy constant. This eventually sets up a heat flux J in the system.

When the steady state conditions are achieved, the heat flux can be calculated as J = Ae/ (2AAt)

. . . . o0T |
, Where Ais the cross sectional area in the y-z plane. The temperature gradient x in the system
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is directly calculated from the linear portion of the steady state temperature profile. The thermal
conductivity is then calculated using Fourier’s law in Eq. (1.1). However, for Fourier’s law to be
applicable, two conditions must be satisfied. First, the duration of a simulation must be at least
three orders of magnitude greater than phonon relaxation time. The typical relaxation time for
phonon transport is 10™*s. Hence, a simulation time of ~10~°s, i.e. nanoseconds, are necessary
and are commonly found in the current literature. Secondly, the heat flux J should be less than a
certain threshold for the linearity of Eq. (1.1) to hold true. J depends on the ratio A¢/A. The
maximum allowed value of Ae/ A for applicability of Fourier’s law is reported to be 1x10™*

eV/nm? [45]. Although this value is not universal, higher values of Ae/A will produce non-

linear system response and temperature profile and therefore not recommended.

1.4.4. The RNEMD method
The reverse NEMD or RNEMD [46] is a slight variant of NEMD. In this method, instead of
rescaling the velocities, heat transfer is setup by exchanging velocities in the source and sink.

The simulation cell is shown in Fig. 1.2.

{—

Heat source
Heat sink

Heat sink
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Figure 1.2: The simulation cell for RNEMD or Muller-Plathe technique. The heat source is

placed in the middle and the two heat sinks are placed at the either ends subjected to
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periodic boundary condition. The width of each of the sinks is half the width of the source.
The temperature profile resulting from this system is symmetric about the source in the
middle.
The atom with the highest temperature in one of the sink and the atom with lowest temperature
in the source are paired and their velocities are swapped which essentially swaps their kinetic

energies. When continued, this process sets up a heat transfer in the system and at steady state a
I : . oT . .
temperature profile is obtained from which x is evaluated. By keeping track of the energy

transfer due to the swapping at each step, the total energy transfer in a given time and J can be

calculated. Finally, using Fourier’s law, & can be calculated. Since this method conserves both

momentum and energy, we adopt this method. Further details about RNEMD and MD in general

can be found in the following chapters.

1.5. A brief outline

The present thesis contains the studies of phonon transport phenomena in dielectric
materials having important applications in thermoelectric energy conversion and thermal
rectification. Thermoelectric materials produce a voltage when subjected to a temperature
difference. For sustainability of the voltage production, the temperature difference between the
hot and the cold ends need to be kept constant. This requires a material with very low thermal
conductivity. Certain classes of polymers like polyaniline (PANI) and polyacetylene (PA) can

conduct electricity [47]. The index of performance of these polymers in thermoelectric energy
conversion is the thermoelectric figure of merit ZT =S°cT /x, where S is the Seebeck

coefficient, T is the absolute temperature, o is the electrical conductivity and «is the thermal

conductivity. Since ZT is inversely proportional to «, lower is the thermal conductivity, higher
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is the ZT . Hence, different strategies for reducing xare explored in chapters 2 and 3. In chapter
2, the dependence of mechanical strain on thermal conductivity in pure PANI, pure PA and
mixtures of PANI and PA is studied using RNEMD [35]. It is found that by compressing the
material, the polymer chains can be more misaligned with respect to the heat transfer direction.
This increases phonon scattering thereby reducing the thermal conductivity. The chapter also

addresses the relatively unexplored problem of dependence &, of amorphous polymeric mixtures

on the mixing ratio. The contents of this chapter has been published in Journal of chemical
Physics article “Modifying thermal transport in electrically conducting polymers: Effects of
stretching and combining polymer chains” [35] and has been included here with permissions
from American Institute of Physics.

In chapter 3, the effect of transverse boundary phonon scattering on longitudinal phonon
transport in strategically designed ordered PANI-PA nanocomposites is investigated using
RNEMD [48]. It is found that in polymers like PANI and PA where the bonded interactions are
highly anharmonic, vibrations and phonon transport in longitudinal direction is coupled with that
in transverse direction. If the transverse interfacial area between PANI and PA is increased, the
longitudinal thermal conductivity reduces. The contents of this chapter has been published in
Applied Physics Letters article “Reducing thermal transport in electrically conducting polymers:
Effects of ordered mixing of polymer chains” [48] and has been included here with permissions
from American Institute of Physics.

Thermal rectification and phononics has gained recent attention because of its potential
future applications in developing thermal logic gates and thermal computer. Phononics refers to
the idea that phonons, like electrons, can be used to perform logic calculations. Certain materials

and nanostructures have been recently reported to behave as good conductor in one direction and
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a good thermal insulator in the opposite direction [37, 38]. They are called thermal diodes
drawing inspiration from electronics, where diodes allow electric current to flow through them in
only one direction. Using these thermal diodes, more complicated structures like logic gates has
also been proposed [49]. However, most of these claims are far from comprehensive and
performance of existing nanostructures and materials are far from satisfactory for any real world
application. Hence tremendous research is being carried out in this area. Chapter 4 demonstrates
a particular nanocomposite using CNT and PANI to create a thermal diode. The diode
demonstrates highest thermal rectification effect compared to that found in existing studies with
CNT based thermal diodes. The thermal rectification effect is characterized by computing heat
currents in the forward and reverse biased configuration of the diode. The underlying principles
are identified by analyzing the phonon spectrum mismatch among different sections in the diode
and optimum operating temperature ranges are determined.

Graphene nanoribbons (GNR) show very high thermal rectification effect [50]. The
design and characterization of the first thermal AND gate using two identical GNR thermal
diodes is presented in Chapter 5. The device has two inputs and a biasing terminal. The behavior
of the device is characterized and compared to that of an electrical AND gate using truth tables.
The dependence of gate mechanism on thermal rectification in the two diodes is investigated
through phonon spectrum overlap/mismatch analysis. The AND gate is found to be more
effective at nanoscale and at temperatures much below room temperature. The switching time of
the AND gate is also determined.

In chapter 6, some of the future research directions are outlined.



Chapter 2

Modifying thermal transport in electrically
conducting polymers: effects of stretching

and combining polymer chains

If their thermal conductivity can be lowered, polyacetylene (PA) and polyaniline (PANI)
offer examples of electrically conducting (EC) polymers that can have potential use as
thermoelectrics. Thermal transport in such polymers is primarily influenced by bonded
interactions and chain orientations relative to the direction of heat transfer. We employ
molecular dynamics simulations to investigate two mechanisms to control the phonon thermal
transport in PANI and PA, namely, (1) mechanical strain, and (2) polymer combinations. The
molecular configurations of PA and PANI have a significant influence on their thermal transport
characteristics. The axial thermal conductivity increases when a polymer is axially stretched but
decreases under transverse tension. Since the strain dependence of the thermal conductivity is
related to the phonon scattering among neighboring polymer chains, this behavior is examined
through Herman’s orientation factor that quantifies the degree of chain alignment in a given

direction. The conductivity is enhanced as adjacent chains become more aligned along the

Reprinted with permission from S. Pal, G. Balasubramanian and I. K. Puri, Journal of Chemical Physics
136, 044901 (2012). Copyright 2012, AIP Publishing LLC.
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direction of heat conduction but diminishes when they are orthogonally oriented to it. Physically
combining these polymers reduces the thermal conductivity, which reaches a minimum value for

a 2:3 PANI/PA chain ratio.

2.1. Motivation and background

Delocalized electrons associated with the sp? hybridized carbon atoms contained within
the backbone of conjugated EC polymers like PA and PANI have a high mobility. These
electrons serve as the primary charge carriers for electrical conduction [51], which makes them
suitable for thermoelectric applications [52, 53]. The electron delocalization and hence the
electrical conductivity o can be further enhanced by doping them with various materials. Since
the charge transport of delocalized electrons in an EC polymer has a different mechanism than
the free electron drift in metals, their electrical conductivity is only weakly correlated with their
thermal conductivity x. Hence, while the doping of EC polymers increases o, it does not
significantly influence « [52, 54].

Since the electron contribution to heat conduction is typically insignificant in EC
polymers, we only consider the more relevant contribution of phonon transport. Individual
polymer chains can have a relatively high phonon thermal conductivity x;, as compared to their
bulk amorphous volumes [55]. In contrast with individual chains, the highly twisted and irregular
bulk macromolecular chain arrangements serve to enhance phonon scattering and shorten the
phonon mean free paths, thus reducing «, [56]. While the literature discusses means to increase
kp for polymers [55, 56], few strategies have been offered for ways to lower it [57]. Lowering x;
is essential if EC polymers are to find widespread use in thermoelectrics [58], thermal barrier

coatings [59], and phase change memory technology [60].
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Unlike crystals, polymer chains experience both bonded and nonlinear anharmonic nonbonded
interactions [57]. Hence, the mechanism that reduces the lattice thermal conductivity of strained
crystals [61-63] fails to explain the corresponding influence of stretching on thermal transport in
polymers. We employ atomistic simulations to understand how phonon thermal transport in the
EC polymers (PANI and PA) can be modified when (1) they are subject to axial and transverse

strains, or (2) their polymer chains are physically mixed.
2.2. Computational Methodology

2.2.1. Nonequilibrium molecular dynamics simulations (NEMD)

Molecular dynamics (MD) simulations have been used to investigate the chain
configuration of bulk polymers under applied strain[64-67]. We employ nonequilibrium
molecular dynamics (NEMD) to determine the thermal conductivity of strained PANI and PA
using the LAMMPS code [68]. Three systems are considered, namely, (1) pure amorphous PANI
in Emeraldine Base (EB) form [69], (2) pure amorphous PA in trans-isomeric form, and (3)
combinations of PANI and PA containing different numbers of chains of each polymer.

Table 2.1: The dimensions of the simulated systems and the number of atoms present in them are listed.
The percentage of PANI corresponds to the number of PANI chains relative to the total number of
polymer chains in the simulation domain. The system dimensions reported are values obtained upon

equilibration of the polymers.

No. of

Material System Dimensions
atoms

% of PANI X(A) y(A) z(R)

100 (Pure PANI) 3542 3542 3542 3840
87.5 35.63 3563  35.63 3860

75 35.67 3567  35.67 3880

62.5 3595 3595 3595 3900
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50 (1:1 Mixture) 3590 3590  35.90 3920

37.5 36.19 36.19 36.19 3940
25 36.12 36.12 36.12 3960
12.5 36.37 36.37  36.37 3980

0 (Pure PA) 36.11 36.11 36.11 4000

The number of atoms and the dimensions of the equilibrated systems used to simulate unstrained
PANI and PA, and the different PANI/PA mixture compositions that are considered are provided
in Table 2.1. Periodic boundary conditions are imposed along all three coordinate directions.
Both the amorphous PANI and PA systems contain 80 chains while their 1:1 mixture contains 40
chains of each polymer. Each PANI and PA chain contains 24 carbon atoms. The chain
structures are generated with Xenoview [70] for an initial density pat T =300 K and P = 1 atm.
(Where ppani= 1.3 g cm™ and ppa = 1.16 g cm™) [69, 71]. The parameters for the PCFF (Polymer
Consistent Force Field) that describe the bonded and nonbonded interactions are obtained from
the literature [69, 70], details about which are provided in the Appendix A. The VMD package
[72] is used to visualize the response of the polymers to applied strains.

The energy of each system is first minimized using the conjugate gradient technique [68].
The minimized structure is then initialized at 300K. This is followed by a two-step process where
the system is: (1) first heated over 0.1 nanoseconds (ns) to a temperature much higher than the
glass transition temperature (Tg), i.e. from T =300 K to T = 1000 K (for PANI, Ty = 493 K, for
PA, Ty = 473 K), and (2) then cooled back to 300 K over 0.1 ns under a canonical (NVT)
ensemble using a Langevin thermostat with a coupling time of 0.1 picoseconds (ps). This
annealing and tempering relaxes the molecules and removes any bond symmetry that could have

been an artifact produced through polymer construction.
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Next, the system is equilibrated under isothermal-isobaric conditions (NPT with T =300 K and P
=1 atm.) followed by NVT and NVE ensembles, each for 0.2 ns respectively. The equilibrated
systems are strained from an initial zero engineering strain rate e in five increments of 2x10*° s*
to 10x10™ s™*. These strains are applied along both the axial (x) and transverse (y) directions

through separate simulations. All strained structures are allowed to equilibrate for 0.3 ns under

the NVT ensemble before thermal conductivity calculations are performed.

2.2.2. Phonon thermal conductivity

The axial thermal conductivity, «, is determined by employing a standard NEMD technique [73].
A source (of dimensions 0.7084 (x) x 35.42 (y) x 35.42 (z) A) placed at the center of the system
heats two sinks that are located at both x-wise boundaries (with dimensions equal to half the x-

wise thickness of the heat source), as shown in Fig. 2.1.
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Figure 2.1: The top panel shows the x-z cross sectional view of pure amorphous PANI. The heat
flux Q from the source is transferred axially through the material to the sinks at its two x-wise
boundaries. The bottom panel shows the simulated temperature profile for a representative case,
linear portions of which are used to calculate the temperature gradient. The position of the
temperature peak in the system corresponds to the heat source in the top panel, and the lower

temperatures at both boundaries correspond to the two heat sinks.

The figure also shows how the temperature gradient across the material is calculated over
linear sections of the steady state temperature distribution. This temperature gradient is sampled
over the final 1 ns of the 5 ns NEMD simulation. A temporal average is employed to determine

its steady state value and the net heat flux transferred between the heat source and its sinks.
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Thereafter, the thermal conductivity is calculated based on Fourier’s heat conduction law [74].

More extensive details about the simulation methodology are available in the Appendix B.

2.3. Results and discussion

2.3.1. The effect of strain on thermal conductivity

Figure 2.2(a) presents x; at different uniaxial strains for PANI, PA and a 1:1 PANI/PA mixture.
Its value increases with increasing strain but the rate of increase in x;, successively decreases.
The thermal conductivities of unstrained PANI and PA that are thus obtained (0.1 and 0.08 Wm’
'K respectively) are compared with reported experimental measurements (0.11 and 0.38 Wm’
1K1 [75, 76]). While the two PANI values are in good agreement, the ones for PA, for which the
cited measurement is for a 0.89 pm thin film [76], are not, where the simulated value is much

lower.
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Figure 2.2: (a) Variation of the phonon thermal conductivity x, along the axial (x-wise) direction

with respect to the axial tensile strain for three different systems (PANI, PA, and a 1:1 mixture).

L, denotes the axial dimension of the simulation domain and L, the corresponding unstretched

length. (b) Variation of x, with respect to transverse (y-axis) tensile strain for the three systems.

L, denotes the transverse dimension of the domain and L, the corresponding unstretched length.

For both (a) and (b), error bars represent the standard error in x, calculated from ten spatially

averaged temperature profiles at intervals of 0.1 ns over the last 1 ns of the simulation.

The thermal conductivity is often lower at the nanoscale, as for our simulations, than at

the microscale, as for thin films, since the energy losses due to phonon scattering at the system

boundaries are enhanced as the system dimensions are reduced [77, 78]. We also show later that

the helical structure of PA lends itself to a lower x; in contrast to the more planar PANI.

Large tensile strains in crystal lattices reduce van der Waals interactions and hence the

phonon thermal conductivity [62]. However, phonon transport in polymers occurs through both

(1) intrachain energy exchanges that involve relatively stiff covalent bonds in the polymer
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backbone, and (2) interchain heat transfer through weak van der Waals interactions that involve
softer force constants between the constituent atoms of two different chains [79]. Hence, unlike
for crystal lattices, the major phonon contribution to heat transfer in polymers is through the
bonded interactions. The increase in x;, shown in Fig. 2.2(a) occurs due to the growing structural
ordering that is induced in the polymers as these are strained. The polymer chains that are highly
twisted and randomly oriented in the initial unstretched amorphous bulk provide a structure that
favors phonon-phonon scattering, thus lowering the thermal conductivity. In contrast, straining
the material incrementally aligns the chains along the direction of stretch. Chain alignment
lowers phonon scattering and improves energy transport through the polymer backbones, thereby
increasing x,. Similarly, we find that when these polymer chains are compressed (not shown
here), x, decreases, which validates this hypothesis. However, since the number of polymer
chains in the system is finite, there is an upper limit to the enhancement of ;. The increasing
molecular alignment gradually tapers off at relatively large values of mechanical strain and
phonon heat conduction is no longer improved through polymer stretching. Thus, Fig. 2.2(a) also
shows that the rate of increase in x; decreases at higher strain rates.

Figure 2.2(b) presents the influence of transverse strain (along the y-direction) on ;. This
conductivity decreases as the transverse strain increases. Imposing e = 33.6% reduces the
thermal conductivities of PANI, PA and their 1:1 mixture by 24.7%, 11.6% and 23.44%,
respectively, with respect to their corresponding unstrained values. A transverse strain induces
additional anisotropy by orienting the polymer chains orthogonal to the direction of thermal
transport, thus diminishing axial heat conduction. Here, instead of intrachain bonded
interactions, interchain intermolecular collisions mainly influence the energy transfer along the

x-direction. The larger the transverse strain, the lower is the value of x, The rate of decrease in
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kp Is again lowered at larger transverse strains, indicating saturation in the alignment of polymer

chains in a similar manner to the results for axial stretching.

2.3.2. The effect of polymer combination on thermal conductivity

Figure 2.2(a) shows that the thermal conductivity of a PANI-PA combination is lower
than for either of the pure polymers. Combining these polymers produces a physical mismatch
between the characteristic frequencies for the thermal vibrations and intermolecular collisions
associated with their two different polymer backbones. One polymer can thus be thought to
behave as an impurity within the other, which enhances phonon scattering just as the differences
in the masses and force constants of impurity atoms within a bulk material diminish thermal
transport [80]. The thermal conductivities of several unstrained polymer combinations are
presented in Fig. 2.3, which shows that physical combinations of PANI and PA lower x;, below
its value for either of the two pure polymers [81]. The conductivity is lowest for a combined
heterogeneous polymer that contains a 2:3 PANI:PA chain ratio. We have previously shown for
a binary mixture of crystalline solids that such a behavior is related to their molar mass fractions
[81]. While the mass dependence of thermal conductivities for the amorphous polymer
combinations do not conform to the analytical expression for crystalline materials due to
differences in the major contributors to phonon thermal transport, both systems exhibit a

minimum «; for a specific composition of the binary mixture.
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Figure 2.3: Variation of x, for unstretched PANI-PA combinations with respect to the proportion of
PANI chains in the mixture where 0% and 100% represent pure PA and pure PANI, respectively. Error

bars are determined in a similar manner as for Fig. 2.2.

2.3.3. Herman’s orientation factor and chain alignment
Polymer chain alignment in the direction of heat transfer can be characterized through

Herman’s orientation factor f;. For the i polymer chain, it is represented as[82]

B;
f =§(i2cos2 6‘1]—%, where —%ﬁ f <1 (2.1)

i R
In Eq. (2.1), &; denotes the angle between the j bond in the backbone of i polymer and the x-
axis, and B; the total number of bonds in the backbone of the i polymer chain. When (1) f; =1,
the chains are fully aligned, i.e. all chains are oriented along the x-axis, (2) f; =0, the system is
isotropic with no preferential alignment in any particular direction, and (3) f; =-0.5, all chains are
aligned transversely and perpendicular to the x-axis. The overall orientation factor f for the entire
system is calculated by averaging f; for all polymer chains in the system.

Figure 2.4(a) shows that axial straining increases f for PANI but that the overall
alignment of PA is not significantly influenced by axial strain. The effect of increasing chain

alignment on x;, for both polymers is presented in Fig. 2.4(b). In accord with Fig. 2.4(a), &
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increases with increasing PANI chain alignment but straining produces a smaller influence on
the PA conductivity due to the lower degree of induced chain alignment. Taken together, Figs.
4(a) and 4(b) again validate the hypothesis that increasing axial strain improves the polymer

chain alignment and thus ;.
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HE 015 } 0O O —~ 0.12 F
S o1 X 011 t ﬁl
& 005 | E o1t [g]
© by
o ol < 0.09
g Qo o o o ¢
€005 F ©O 0.08
(<5}
I 0.1 \ \ \ , 0.07 1 1 )
1 11 1.2 1.3 1.4 -0.07 0.03 0.13 0.23
L, /Ly Herman's orientation factor (f)
(@ (b)

Figure 2.4: (a) Variation of Herman’s orientation factor f calculated along the axial direction for
each system along the axial direction with respect to the axial tensile strain for pure PANI and
pure PA. The orientation factor ranges from -0.5 (implying an orientation perpendicular to the x-
axis) to 1 (implying an orientation along the x-axis). (b) Variation of x, with respect to f for
different PANI and PA axial strains. For (b), error bars are determined in a similar manner as for

Fig. 2.2.
Transverse strain decreases the axial polymer chain alignment as illustrated in Fig. 2.5(a). The
figure shows that increasing transverse strain reduces the axial chain alignment for PANI but
again PA is not as significantly influenced. Consequently, as expected, we observe from Fig.
2.5(b) that the reduction in the alignment of the PANI chains lowers x;, but the corresponding

value for PA is not as significantly influenced.
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Figure 2.5: (a) Variation of f with respect to the tensile strain in the transverse direction for
PANI and PA. (b) Variation of x, with respect to f for different PANI and PA transverse

strains. For (b), error bars are determined in a similar manner as for Fig. 2.2.

These results consistently demonstrate that the correlations between strain and chain
alignment, and in effect the thermal conductivity, are significantly weaker for PA than for PANI.
We explain this by emphasizing the differences in their molecular configurations. Figure 2.6
presents representative structures of unstrained individual PA and PANI chains obtained from
the simulations. Ab initio calculations predict that helical configurations are more energetically
stable than planar orientations for PA chains [83], which is also confirmed by our simulations

that corroborate the preferred helical form.
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Figure 2.6: Representative structures of PA and PANI molecule backbones obtained from our

simulations. The backbone of PA is helical while the PANI backbone is more planar.

The different contributions to the total intramolecular energy (Emoiecule) for equilibrated
and unstrained pure PA and PANI systems listed in Table 2.2 show a significantly higher Enoecule
for PA (18151.4 Kcal mole™) than for PANI (7923.5 Kcal mole™).

Table 2.2: The different contributions to the total intramolecular energy Emolecule 0f equilibrated
and unstrained pure PA and PANI molecules. The torsion energy Eiorsion 1s the main contributor to

the large difference in the Epplecule between PA and PANI.

Bond Angle Torsion Improper . Total
ener ener ener ener intramolecular
System 9y 9y 9y 9y energy
(Ebond) 1 (Eangle) 1 (Etorsion) 1 (Eimproper)_1 (Emolecule)
(Kcal mole™) (Kcal mole™) (Kcal mole™)  (Kcal mole™) (Kcal mole™)
PA 1732.57 2722.78 13332.71 363.34 18151.40
PANI 2065.56 2005.68 3642.64 209.64 7923.51

The differences in Emglecule for PANI and PA mainly arise from their dissimilar torsional
energies. That for PA is higher due to its helical configuration as compared to that for the more

planar PANI. Consequently, the straining of PA does not cause appreciable chain stretching and
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thus does not also improve its chain alignment. On the contrary, PANI reshapes into an
elongated structure when stretched, promoting overall chain alignment. The nonplanar PA chain
configuration also explains the lower intrinsic thermal conductivity of pure PA as compared to

pure PANI.

2.4. Summary

Phonon thermal transport can be modified in EC polymers by applying mechanical strain or
through binary polymer mixing. Applying an axial tensile strain increases chain alignment in a
polymer which improves intrachain phonon transport. While nonbonded interactions are
typically reduced by increasing tensile strain in crystals [62, 64], these have a smaller
significance in EC polymers where phonon transport is instead more significantly affected by
chain alignment. Improving axial chain alignment, e.g., by mechanical straining, increases the
overall axial thermal conductivity. Transverse strain promotes the alignment of polymer chains
orthogonal to the direction of axial heat transfer and thus reduces the axial thermal conductivity
by localizing phonons in neighboring polymer chains. Since the differences in atomic masses and
bond force constants are typically responsible for reducing the thermal transport in a binary
system, impurities with masses and bond spring constants very different from the bulk material
can induce a substantial reduction in the thermal conductivity. Hence, physically combining
polymers and exploiting the mismatch between their different characteristic phonon and
intermolecular collision frequencies can also be used to lower the overall thermal conductivity.
The preferential helical configuration of PA chains results in their lower intrinsic thermal
conductivity as compared to PANI which contains relatively more planar polymer backbones.
This helicity also diminishes the influence of strain on thermal transport for PA in comparison to

the more planar PANI molecules.
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Chapter 3

Reducing thermal transport in electrically
conducting polymers: effects of ordered

mixing of polymer chains

Reducing the phonon thermal conductivity of electrically conducting (EC) polymers can
facilitate their use as potential thermoelectric materials. Thus, the influence of the coupling
between the longitudinal and transverse phonon modes on overall thermal conductivity is
explored for binary mixtures of polyaniline (PANI) and polyacetylene (PA) chains by
considering various geometric polymer mixture configurations. The molecular simulations
reveal that an increase in the interfacial area available for transverse interactions between
dissimilar chains enhances atomic interactions that are orthogonal to the heat transfer direction.
As transverse collisions between PA and PANI chains are enhanced, the motion of longitudinal
phonons is disrupted, impeding thermal transport. This enhances phonon scattering and reduces
longitudinal thermal transport. While there is a nonlinear decrease in the phonon thermal
conductivity with increasing interfacial contact area, there is a corresponding linear growth in

the nonbonded interaction energies between the different polymers.

Reprinted with permission from S. Pal, G. Balasubramanian and I. K. Puri, Applied Physics Letters 102
(2), 023109 (2013). Copyright 2013, AIP Publishing LLC.
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3.1. Motivation and background

EC polymers such as PA and PANI conduct electric current by moving delocalized
electrons[51] associated with the sp? hybridized carbon atoms of the polymer chain backbone.
This feature, coupled with their low thermal conductivityx, makes them suitable for potential
thermoelectric applications [52, 53]. The performance of a thermoelectric material is evaluated
through its figure of merit ZT that is inversely proportional tox. Strategies to manipulate x
facilitate the on demand tuning of ZT. Since electronic motion in EC polymers is different from
the free electron drift observed in metals, energy and charge transport through PANI and PA are
only weakly correlated [52, 54]. Atomic vibrations (phonons) and interatomic collisions are the
major thermal energy carriers in these polymers. Hence, by reducing the phonon contribution to
the thermal conductivity x,, x« can be lowered considerably, which in turn enhances ZT.

While various strategies have been investigated to increase x, [55, 84, 85], only a few
studies have considered possibilities for its reduction [57, 86]. Unlike crystalline materials,
polymer chains exhibit nonlinear anharmonic bonded interactions [57] so that phonon transport
through them is strongly dependent on the orientations of their backbone relative to the direction
of heat transfer [56, 86]. Polymer chains that are more aligned along this direction offer a smaller
resistance to phonon transport. Destroying such an ordered orientation by imposing mechanical
strain or mixing dissimilar polymers increases phonon scattering and atomic collisions, and
limits the phonon mean free paths, all of which reduce «, [86].

Longitudinal phonon transport is coupled with transport in the transverse direction [87]. In this
letter, we investigate the effect of this coupling in EC polymers and explore its applicability for
reducing x,. We contend that enhancing transverse phonon scattering across an interface that is

placed parallel to the longitudinal direction of heat transfer should impede transport in this
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direction, lowering xp. Various binary PANI-PA polymer mixtures in various geometric
configurations are selected to validate this hypothesis using atomistic simulations. Although it is
understood how interfacial thermal resistance reduces x, in superlattice nanostructures [88],

discussions of the influence of transverse phonon scattering on x;, are absent from the literature.

3.2. Methodology

Nonequilibrium molecular dynamics (NEMD) simulations are employed to determine the
thermal conductivity of the PANI-PA configurations using LAMMPS [68]. The term interfacial
area S denotes the contact area between PANI and PA molecules. Four differently ordered
PANI-PA binary polymer combinations are created. These have dissimilar S but the same 1:1
mixture ratio for the numbers of PANI-PA polymer chains. Combinations containing a random
distribution of PANI and PA chains as well as those with pure polymers (or 1:0 and 0:1 mixture
ratios) are also prepared. Each configuration has a cuboidal geometry of AX nmx AY nmx AZ
nm consisting of 64 chains of each of PANI and PA. The geometrical details of these structures,
including the values of AX , AY and AZ for each configuration, are available in the Appendix

C. The volume V =AXAYAZ for all configurations at a specific temperature is comparable
(with variation of ~1 % from the mean value). Each polymer chain containing 24 carbon atoms

is constructed as a linearly stretched entity that is aligned along the longitudinal direction of heat
transfer x. The structures are generated with Xenoview [70]. The parameters for the PCFF
(Polymer Consistent Force Field) that describe the bonded and nonbonded interactions for these
EC polymers are obtained from the literature [69, 70]. Details of the forcefield functions are
described elsewhere [86, 89]. For all simulations, periodic boundary conditions are imposed
along all three coordinate directions. The VMD package [72] is used to visualize the simulated

structures.
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3.2.1. Energy minimization and equilibration

First, energy minimization is performed for each configuration using the conjugate
gradient technique [68]. The minimized structure is then initialized at the simulation temperature
(150, 200, 250, 300, 350 and 400 K for the different cases). This is followed by a two-step
process where the configuration is: (1) first heated for 0.1 nanoseconds (ns) to a temperature
much higher than the polymer glass transition temperature Ty, i.e. from T =300 K to T = 700 K
(for PANI, Ty = 493 K, for PA, Tq = 473 K), and (2) then cooled back to 300 K over 0.1 ns under
a canonical (NVT) ensemble using a Langevin thermostat with a coupling time of 0.1
picoseconds (ps). This annealing and tempering relaxes the molecules and removes bond
symmetries that could have been artifacts of polymer construction. Next, the configuration is
equilibrated under an isothermal-isobaric ensemble (NPT) with T = 300 K and P = 1 atm. where
the pressure is controlled by Nosé-Hoover barostat with a coupling time of 1 ps, followed by
simulations under the NVT and NVE ensembles, each for 0.2 ns respectively. Upon
equilibration, the configuration relaxes to its appropriate mixture density. All simulations use a

timestep of 0.001 ps.

3.2.2. Determination of k;

The longitudinal x, is obtained by implementing the reverse NEMD technique [73].
Along the x-wise direction, the exchange of Kinetic energies between the coldest atoms in a
0.8950 (x) A x 43.16 (y) A x 36.99 (z) A region, which serves as a heat source in the middle of
the domain, with the hottest atoms at the two corresponding x-wise boundary regions (that serve
as heat sinks with half the thickness of the heat source) provides the heat flux. Figure 3.1
schematically illustrates the direction of heat transfer and shows the steady state temperature

distribution along x direction of the polymer configuration 1.
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Figure 3.1: The top panel illustrates the x-z cross sectional view of configuration 1 described in
the Appendix C. The heat flux Q from the source is transferred along the x direction through the
polymer mixture to the sinks at its two x-wise boundaries. The bottom panel presents the
simulated temperature profile averaged over 10 samples recorded at regular intervals during the
last 1 ns of reverse NEMD simulation. The linear portions of the temperature profiles are used to
calculate the average temperature gradient. The locations of the peak temperature(s) correspond
to the heat source in the top panel, while the lower temperatures at both boundaries correspond to

the two heat sinks.

After the heat transfer reaches steady state, the temperature distribution is sampled over

data recorded every 100 ps during the last 1 ns of the 5 ns long NEMD simulations. Temperature
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gradients are calculated from the linear portions of the temperature distribution for all the
recorded data and a steady state value is obtained from a temporal average over these gradients.
The net steady state heat flux transferred from the heat source to the sinks is also determined

from a temporal average. Finally, x;, is calculated using Fourier’s heat conduction law [74].

3.3. Results and discussion

We use x, to denote the value of x, normalized with respect to "' at the
corresponding temperature. At room temperature (300 K), """ is 0.135 Wm™K™, a value that
is obtained by simulating only PANI chains contained in the reference cuboid. Likewise, we
calculate x," = 0.088 Wm™K™ at T = 300 K. For each binary mixture, S (and surface area to
volume ratio S/V) is obtained by examining the cross section (in y-z plane) of the domain taken at
the lower boundary of x-axis and multiplying the length of the interface by the domain length
along x-wise direction. As described in the Appendix C, we use an image analysis scheme to
identify visually ill-defined contact regions. For a given chain ratio, the random distribution

provides the largest S.

3.3.1. Effect of xp,0n interfacial area

Figure 3.2 shows the variation of p, with respect to PANI-PA interfacial area at T =300
K for identical (1:1) chain ratios. As S/V increases &p, decreases. While a typical mixture rule
predicts a single value of «;, [86, 90], it is instead evident from Fig. 3.2 that the thermal transport
and the conductivity also depend upon the polymer mixture configurations and the magnitudes of
their interfacial contact areas. Different configurations alter the magnitude of the transverse
interactions between the PANI and PA chains. Increasing the interfacial contact area between

these two chains increases phonon scattering through enhanced atomic collisions. This reduces
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&, for the ordered polymer mixture from that of the pure material "' so that &p, < 1. Thus,

stronger interfacial interactions lead to smaller &y, Which reveal that the higher energy losses due

to transverse phonon interactions (or scattering) impede longitudinal thermal transport.
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Figure 3.2: The variation of the normalized thermal conductivity rpn (cp/ic, ) with the
interfacial contact area per unit volume (S/V) between PANI -PA chains at T = 300 K.
The different markers correspond to the binary PANI-PA configurations whose cross
sectional configurations are schematically illustrated in the figure legend. Each such
schematic reflects the cross sectional (yz plane) view of the binary mixture, perpendicular
to the direction (x) of heat transfer, where black represents PANI, white PA, and R a
random distribution of PANI and PA. Error bars denote the standard error in x;, calculated
from ten spatially averaged temperature profiles at intervals of 0.1 ns over the last 1 ns of

the simulation and normalized with respect to x,”"'. An empirical fit that asymptotically

—2.852
- S
reaches a limiting value of xp, shows that «,, — &, random < (\7 :
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The higher transverse scattering decreases the phonon mean free paths, thereby lowering
longitudinal x,. This validates our conjecture that there is a mode coupling between phonons
along the transverse and longitudinal directions even for noncrystalline polymer configurations.
Since S/V increases with diminishing length scale, the effects of these transverse interactions
become more pronounced at the nanoscale.

Empirically we find,

) g\ 285
K, =5.68x10 5% (Vj + K o random - (3.1)

This fit reaches an asymptotic value for xn, implying that beyond a certain threshold interfacial

area (provided by a random mixing of polymers), x, cannot be lowered any further through

—2.852
polymer mixing. It follows from Eq. (1) that &, — &, rangom ¢ (\%) .

3.3.2. Effect of temperature

For amorphous polymers, the dependence of x on temperature is different below and
above the glass transition temperature [91]. Below Tg, the thermal conductivity increases with
temperature due to the reduction in polymer chain entanglement that lowers energy scattering at
chain bends. Close to Ty or above it, chain mobility increases as the polymers undergo large
movements, thereby creating voids that scatter phonons and lower x . The thermal conductivities
of PANI and PA also increase below Ty with increasing temperature because of enhanced
specific heat [92, 93].

Figure 3.3 presents the variation of x,, and &, "' for configurations 1 and 4, described in

PANI

the Appendix C, at different temperatures. x; increases with temperature up to 300 K and

then slightly decreases close to Ty (493 K), suggesting an increase in phonon scattering from
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emerging defects in form of voids. In contrast, &y, for configuration 1 decreases continually with
increasing T, implying that interfacial interatomic interactions and collisions increase at higher
temperatures. However, for the relatively more complex mixture configuration 4 that has larger
S, kp does not vary as significantly with temperature. Thus, we conjecture that the reduction in x;,
due to transverse phonon scattering is characteristic of a simple ordered mixture configuration

and relatively small S.
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Figure 3.3: The evolution of &, for configurations 1 and 4 and «x;
temperature. Here, "' is the thermal conductivity of a configuration with only PANI chains.

Error bars are determined as described in Fig. 3.2. For &g, error bars at different temperatures are

PANI

normalized with respect to x,”™' at the corresponding temperature, whereas for ™' they are in

units of Wm™K™,

Figure 3.4 shows the temperature dependent variation of xp, for the different binary
mixture configurations as a function of S/V. For each configuration, both S and V increase by
small amounts with temperature due to thermal expansion although the ratio S/V remains
relatively unaltered (and lies within 2% for a particular configuration). For a specified

temperature, xp, typically decreases with increasing S/V. While for configuration 1, s steadily
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decreases with increasing temperature in accord with Fig. 3.3, more complex mixing
configurations with larger S and enhanced transverse phonon interactions do not exhibit an as

organized temperature dependence for .
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Figure 3.4: The variation of «,, as a function of S/V between PANI-PA for different temperatures.
The value at a specific temperature is obtained by normalizing x, with respect to ™' at that
temperature. Different colors represent the various temperatures while different markers denote the
various mixture configurations similar to Fig. 3.2. The S/V values for a particular configuration,
although comparable at different temperatures, are not equal because of small temperature
dependent changes in S and V. Consequently, data points for the same configuration are not exactly

vertically aligned.

3.3.3. Interaction energy between PANI and PA
We evaluate the interaction energies between the two different polymers for each
configuration. The interaction energies of PANI molecules with the PA chains consist of van der

Waals and Coulombic energy components. Since the volumes of the different configurations are
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comparable, Fig. 3.5 shows that the interaction energies increase with increasing S. The
reduction in xn with increases in S occurs due to the growth in the locations across which
different polymers are able to interact and subsequently scatter the energy transported by
phonons and atomic collisions. While x, is nonlinearly correlated with S/V as shown in Fig. 3.2,

the interaction energies demonstrate a linear relationship with S/V.
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Figure 3.5: The variation in interaction energies as a function of S/V. The total interaction energy
between PANI and PA molecules consists of pairwise interaction and Coulombic energies that
are also separately presented here. For all the simulated cases, absolute magnitudes of the

energies are presented.

Longitudinal thermal transport occurs due to delocalized phonons traveling along the x-
direction as well the energy carried by atomic collisions along the same direction. Increasing S
increases transverse interatomic and polymer interactions. These raise the potential energies
associated with the van der Waals and Coulombic components, displacing phonons from their

longitudinal trajectories, scattering their energies and reducing xp. Thus, the greater the
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magnitude of the interaction energies between the PANI and PA chains, the stronger is the

impedance to phonon motion along the heat transfer direction (and the lower x; is).

3.4. Summary

In summary, the influence of transverse polymer interactions and interatomic collisions
on the longitudinal heat transfer in binary mixtures of PANI and PA chains is investigated.
Interfaces that lie parallel to the heat transfer direction reduce phonon thermal conductivity due
to transverse phonon scattering. The intrinsic coupling of longitudinal and transverse vibrational
modes in these polymers impedes longitudinal thermal transport. x,, has a nonlinear relationship
with S/V. For simple mixing configurations that generate interfaces with relatively smaller
interfacial areas, the enhancement of transverse phonon scattering with increasing temperature
further reduces x; although such a temperature dependent trend does not hold for more complex
configurations with larger interfacial areas. The underlying reason for the x, dependence on S/V
is illustrated by the linear increase in the intermolecular interaction energies between the two sets
of polymer chains with increasing S. The enhancement in the interaction energies is due to the
increase in transverse polymer interactions and atomic collisions that perturb the longitudinal
phonon paths, thereby impeding heat transfer and lowering ;. Such a polymer mixing approach
that lowers &, and increases ZT could facilitate the employment of PANI and PA for potential

soft-thermoelectric applications requiring high thermal resistance.
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Chapter 4

Thermal rectification in a polymer-

functionalized single wall carbon nanotube

Thermal rectification occurs when heat current through a material is favored in one direction
but not in the opposite direction. These materials, often called thermal diodes, have potential
application in phononics, i.e., for performing logic calculations with phonons. Rectification
obtained with existing material systems is either too small or too difficult to implement
practically. Hence, we present a more useful scheme that provides higher rectification using a
single wall carbon nanotube (SWCNT) that is covalently functionalized near one end with
polyacetylene (PA) chains. This composite structure allows rectification R up to 204%, which is

higher than the values reported for SWCNTSs. Here, R=100(J, —J_)/J_, where J_ and J_ are

the heat currents for forward and reverse bias respectively. The interatomic interactions in the
SWCNT-PA nanocomposite are nonlinear, i.e., anharmonic in nature, which is an established
requirement for thermal rectification. Through atomistic simulations, we identify two additional
conditions to accomplish thermal rectification at the nanoscale, viz., structural asymmetry and
that the influence of this asymmetry on thermal transport is temperature dependent. The
optimum temperature difference for achieving the highest thermal rectification with the structure

is 40-80 K.

40
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4.1. Motivation and background

Our ability to regulate the flow of electricity is far superior to how we can control heat
transfer. Directional control of electric current leads to functional units such as diodes and
transistors, which are foundations for modern electronics. An electronic diode allows electric
current to flow in a particular direction but behaves as an electrical insulator in the other. For
heat transfer, we are however restricted to using materials that behave only as insulators or as
conductors in all directions.

The thermal counterpart of an electric diode is a thermal diode or rectifier, which
transfers heat preferentially in a particular direction. Rectification of heat current was first
observed in 1936[94] when the thermal conductance across a copper oxide-copper interface was
found to be directionally dependent. Motivated by the need for better heat removal and thermal
management in small electronic devices, research on thermal rectification resumed significantly
only about a decade ago.[95] This includes theoretical[96, 97] and experimental[98]
investigations, and molecular simulations[38, 99-104] with single materials,[50, 100] and
composite materials and interfaces[38, 101].

Thermal diodes could lead to thermal logic gates and eventually a thermal computer.[49,
105] The process of performing logic calculations using phonon transport through thermal logic
gates is called phononics for which the possibilities of thermal memory[106] and a thermal
transistor[105, 107] have been proposed. Thermal rectification could improve the efficiency of
solar water heaters by reducing heat leakage[108] during the night or over winter when the
temperature of the collector falls below the water temperature.

Although the rectification of heat current has been established in a one-dimensional non-

linear lattice e.g., a Fermi-Pasta-Ulam (FPU),[109] or a Frenkel-Kontorova (FK) lattice,[109,



SOUVIK PAL CHAPTER 4 Paged2

110] these idealized systems do not represent any existing nanomaterials. When their diameter is
reduced so that they are quasi one-dimensional, SWCNTs exhibit one-dimensional thermal
behavior e.g. length dependent thermal conductivity.[111] In addition, the interatomic
interactions in an SWCNT close to room temperature are anharmonic.[112] The quasi-one-
dimensional structure coupled with anharmonic interatomic interactions make SWCNTSs an ideal
choice to investigate thermal rectification.[37, 113, 114]

Thermal rectification requires local modification of the intrinsic structure of a
material,[81] e.g., by varying the masses of carbon atoms[114] or the diameter[113] along the
length of an SWCNT. This is extremely challenging in practice and, besides, the rectification
obtained is also minor. We propose a more practical and easier to implement thermal
rectification scheme where an SWCNT is functionalized with PA near one end while its other
end remains pristine. As for an SWCNT, the various bonded interactions in PA are also
anharmonic.[57] Thus, an SWCNT-PA nanocomposite satisfies the anharmonicity requirement
for thermal rectification. The functionalization of SWCNTSs with polymers has been extensively
investigated[115, 116] using well-established experimental methods,[117] which makes
implementation more practical. Here, we identify the principles that lead to thermal rectification
in such a composite structure by employing nonequilibrium molecular dynamics simulations. We
also characterize rectification as a function of the temperature difference across the device to

determine optimal operating conditions.

4.2. Methodology

4.2.1. Nonequilibrium molecular dynamics simulations
Molecular dynamics simulations can characterize thermal transport in SWCNT-polymer

nanocomposites.[116, 117] We employ nonequilibrium simulations to explore thermal
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rectification using LAMMPS.[68] Our base case initial structure is presented in the left panel of

Fig. 4.1.

® Regular atoms (sp? C)
@ Heat source atoms (sp? C)
@ Heat sink atoms (sp? C)

84 A

@ Functionalized atoms (sp’ C) &%*

SWCNT

(a) Front view

Polyacetylene

Equilibrated
structure

(b) Top view
Initial structure

Figure 4.1: The base case structure to investigate thermal rectification. The front view is
presented in (a) and the top view in (b). The left panel shows the initially prepared structure in
Xenoview[70], while the right shows the corresponding structure after equilibration. The PA
chains are bonded to SWCNT (zigzag, 8, 0) atoms that are represented in purple in the inset of
(a). The carbon atoms of the pristine SWCNT and the PA molecules are in an sp? hybridized
state, respectively indicated in green and blue. The heat source and the sink are of the same

dimension and represented by red and blue, respectively.



SOUVIK PAL CHAPTER 4 Paged4d

PA chains are attached to a ring of carbon atoms, indicated by purple in the inset of Fig.
4.1 (a), in a zigzag (8, 0) SWCNT. Each PA chain consists of 24 carbon atoms. The end atoms of
the SWCNT are bonded to hydrogen atoms.[118] The SWCNT atoms covalently bonded to PA
are in an sp® hybridized state.[119] Throughout this study, we use the color red to represent
hotter and blue to represent colder temperatures. All structures are generated in Xenoview.[70]
Periodic boundary conditions are applied along x and y direction while it is non-periodic in the z
direction. The equilibrated structure is shown in the right panel of Fig. 4.1. There, the polymers
remain attached to the SWCNT and form a layer around it in the vicinity of the functionalization.
The anharmonic bonded and nonbonded interatomic interactions in SWCNT-polymer
composites are described using the PCFF forcefield[35] that is reported to accurately describe
phonon transport in a pristine[120] as well as a chemically functionalized CNT.[121]

The system energy is first minimized using the conjugate gradient technique.[68] The
minimized structure is then initialized at 300 K. Next, the system is equilibrated under
isothermal-isobaric conditions (NPT ensemble with T = 300 K and P = 1 atm.) for 0.4
nanoseconds (ns) with the pressure being controlled by Nosé-Hoover barostat. The simulations
continue (1) under a microcanonical ensemble (NVE) for 0.4 ns with the temperature held
constant at 300 K using a Langevin thermostat, (2) under a canonical (NVT) ensemble for 0.4 ns
when the temperature is again 300 K using a Nosé-Hoover thermostat, and finally (3) as the
system is equilibrated under an NVE ensemble for 0.2 ns. All simulations use a 1 femtosecond

(fs) timestep.

4.2.2. Thermal transport and rectification ratio

After equilibration, the atoms forming the heat source are heated to a temperature T,

while the sink atoms simultaneously cooled to T, under an NVE ensemble. For the base case, T,
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=350 K and T,=250 K. Both temperatures are held constant by rescaling the atomic velocities in

the source and sink at each timestep.[122] This sets up a heat current J, which is calculated

from the energy addition and subtraction at the source and the sink, respectively, at each

timestep. The energy added to the heat source equals that subtracted from the sink, keeping the

system energy constant. To characterize thermal rectification, simulations with the equilibrated

structure are conducted for two configurations, viz., forward and reverse bias as shown in Fig.

4.2(a) and (b), respectively.

Forward Bias Reverse Bias
Non-functi(;nalized PA functionalized Non-functionalized PA functionalized
regular sp* atoms J " sp’ atoms regular sp? atoms J sp’ atoms
<—

PRDRDRADADBD YD AP FDH S —

. S SWONT S0 8058 %‘ % % é 33

tioah R SRBBD wd%&w%«%i@%a%m ¢ oL
S;zk :, z, ! i l();rce S(();r)ce j ;|
[ ' n < :

( I) Z ) h zf=0

(@) (b)

Figure 4.2: (a) The forward bias configuration. In forward bias, the heat source is placed at the

functionalized end and the heat sink at the pristine end. The temperatures of the heat source and

sink are maintained at T, and T,, respectively. The heat current flowing from the source to sink
due to the temperature difference AT =T, —T, is denoted by J, . The ring of functionalized sp
atoms shown in red is placed at a distance z, from the longitudinal center of the nanotube.

Another set of atoms, represented by blue, is selected near the cold end at the same displacement
z, from the center. These two sets of atoms are used to calculate the phonon spectrum presented
in Fig. 4.4(a). (b) The reverse bias configuration. In reverse bias, the heat source and sink are at
opposite ends as compared to the schematic in (a). The source and sink temperatures are the same

as for forward bias leading to an identical AT . The heat current is denoted by J_. The red atoms
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for forward bias are now represented by blue and the forward bias atoms that were colored blue

are now red. They are used to calculate the phonon spectrum in Fig. 4.4(b).

For forward bias, the heat source is placed at the functionalized end whereas for reverse bias that
end is instead now a sink. The direction of heat current and phonon propagation is opposite for

the two cases, i.e., J, for forward bias and J_ for reverse bias. The rectification is characterized
by the rectification parameter,[99]

R=100(J, -J_)/J_. (4.1)
The temperature difference AT = (T, —T,) is held constant for both forward and reverse bias.

When the heat transfer simulation is run for 9 ns, a steady state is achieved after 7 ns. The steady
state value of J is obtained from a temporal average over ten samples recorded at regular

intervals during the last 2 ns.

4.3. Results and discussion

The steady state temperature distributions along the SWCNT length for the base case
under both forward and reverse bias are presented in Fig. 4.3. The two temperature profiles are
dissimilar, implying that heat transfer for the two cases is different. Hence, the system exhibits
thermal rectification (here R = 173%). For both cases, the temperature changes rapidly at the
location of functionalization. This stark alteration of the local temperature gradient is explained
through the significant local change in the thermal conductivity. Covalent functionalization of a
SWCNT leads to a local thermal conductivity decrease because it produces greater phonon

scattering and leads to a smaller phonon mean free path,[123] as we will show below.
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Figure 4.3: The steady state temperature profiles along the length of the PA

functionalized SWCNT obtained after 9 ns of heat transfer simulations for forward and

reverse bias. The temperatures are obtained by averaging over ten such profiles at
intervals of 0.2 ns over the last 2 ns of the simulation. We omit error bars for clarity,

since the temperature fluctuations are within 0.1 % of the average value, indicating a

steady state.

The reasons for the enhanced scattering are as follows. First, the carbon atoms to which
the PA chains are covalently bonded are in an sp* hybridized state while the remaining C-atoms
are in an sp® hybridized state. Therefore, the sp> C-atoms behave just as defects would in a
pristine nanotube, causing phonons to scatter away from them. Second, the longitudinal phonon
transport in an SWCNT is coupled with transport in the transverse direction.[124] Consequently,
the transverse phonon scattering at the PA-SWCNT interface interacts with phonons traveling in
the longitudinal direction, also scattering these and causing a further reduction in the thermal

conductivity. Interfacial phonon scattering is temperature dependent since the Kapitza resistance
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due to phonon scattering at the interface of two materials is a function of temperature.[125, 126]
In forward bias, the functionalized C-atoms and the PA molecules are both at a higher
temperature as compared to their respective conditions during reverse bias. Thus, the transverse
scattering of phonons between the PA molecules and the functionalized SWCNT atoms, and how
this scattering is coupled with longitudinal phonon transport, is different for the two cases. These

effects lead to thermal rectification. Since J, > J_, R is positive, i.e., the SWCNT favors heat

transfer from its functionalized to its pristine end.

4.3.1. The origin of thermal rectification: the phonon power spectrum

To further understand the directional difference in heat currents, we calculate the phonon power
spectrum at the two ends of the SWCNT. A spectral overlap over different portions of a material
diminishes scattering and facilitates more efficient phonon energy exchange between these
segments. A mismatch in the spectra enhances phonon scattering on the other hand, which
lowers the thermal conductivity.[127] The steady state spectra at the two ends of the SWCNT in
forward and reverse bias are shown in Fig. 4.4(a) and (b), respectively. A spectrum is calculated
through the Fourier transform of the velocity autocorrelation function obtained from the
corresponding MD trajectories.[38, 128] In forward bias, two spectra are obtained, one for the
ring of functionalized sp® atoms near the hot end of the nanotube and another for the ring of
regular sp? carbon atoms near its pristine cold end. Both atom sets lie equidistant from the center
of the SWCNT, as shown in Fig. 4.2(a). In reverse bias, the spectra for the two ends are based on
the same sets of atoms although, for this case, the sp>and sp® atoms instead lie at the cold and hot

ends, respectively.
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Figure 4.4: The steady state phonon power spectra for the base case for (a) forward bias
and (b) reverse bias. The red and blue spectra in (a) correspond to the red and blue atoms
in Fig. 4.2(a) and likewise for (b) corresponding to Fig. 4.2(b). Since the velocity
autocorrelation is normalized, the power spectrum obtained is a dimensionless quantity.
The ordinate has a logarithmic scale.
The spectra for the cold ends in both forward and reverse bias are similar while those at

the hot ends differ significantly for the two bias cases. For instance, as shown in Fig. 4.4(b),
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during reverse bias, the hot end spectrum contains a distinct low frequency peak, which is
missing from the corresponding hot end spectrum for forward bias that is shown in Fig. 4.4(a).
Hence, the spectral overlap between the two ends of the SWCNT is different in forward and
reverse bias. There is a greater spectral mismatch during reverse bias, which reduces the heat
exchange between the hot and cold ends due to increased phonon-phonon scattering.

Consequently, J_ < J_ .

Since the spectral mismatch between the ends of a pristine SWCNT is uninfluenced by
switching the locations of the heat source and the sink, there is no thermal rectification.
Functionalization imposes additional constraints on the motion of the C-atoms, modifying the
phonon spectrum by filtering out certain phonon frequencies. In effect, functionalization
manifests itself as a band-pass filter. The range of allowable frequencies for this filter is
temperature dependent. The low frequency peak in the hot end spectrum is filtered in forward
bias when the functionalization, or filter, is placed near the heat source. When placed near the
heat sink in reverse bias, the filter does not significantly alter the cold end spectrum. This band

pass filtering is a fundamental cause of thermal rectification.

4.3.2. The role of structural asymmetry

Structural asymmetry with respect to the heat source and sink is also a necessary
condition for nanoscale thermal rectification.[113] The asymmetry shown in Fig. 4.2 depends
upon z;. Structural symmetry increases as zs is reduced with the material being fully symmetric
when z; = 0. Then, the functionalization is equidistant from the source and the sink. The variation
of R with respect to z; is presented in Fig. 4.5. As expected, the reduction in R with decreasing z

reinforces the inference that thermal rectification is a strong function of symmetry. Again, the
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modification of the phonon spectrum due to functionalization differs for forward and reverse

bias, except, of course, when z; = 0.

200
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Figure 4.5: The rectification parameter R (Eq. (4.1)) plotted against z, . Error bars are

determined from ten samples recorded at intervals of 0.2 ns during the last 2 ns of the

simulations after steady state is achieved.

4.3.3. The diode characteristics

Diode performance is depicted through a typical characteristic, which plots J versus AT ,
as shown in Fig. 4.6(a). Positive and negative values of AT correspond to the forward and the
reverse bias conditions, respectively. The range of AT spans two regions, viz., operating and

breakdown. In the operating region, whereas J, increases with increasing AT , the magnitude of
J_ remains relatively small and also does not change as significantly. Therefore, the difference (
J, - J_) rises with increasing AT . This also increases R, as shown in Fig. 4.6(b). In the
breakdown region, increasing AT increases J_ but here J, also rises at the same rate.

Consequently, increasing AT decreases R in this region. This characteristic resembles that of a
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typical electrical diode that has distinct operating and breakdown regions. The critical value of
AT for transition from the operating to the breakdown region is ~80 K, as is evident from Fig.
4.6(a) and (b). The optimum values of AT for the highest rectification lie in the rage 40-80 K.
The maximum value of R is 204 %, which is higher than values reported in the literature[37, 114,

129][130] for thermal rectification with SWCNTS.
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Figure 4.6: (a) The diode characteristic, i.e., a plot of heat current J vs. AT . Positive and
negative AT values represent forward and reverse bias, respectively. (b) The variation of

R with respect to | AT |. Error bars are calculated in a similar manner as for Fig. 4.5.
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4.4, Summary

A SWCNT functionalized by PA can function as a thermal diode. This structure shows
larger thermal rectification than existing concepts. The rectification occurs due to the difference
in heat currents originating from the dissimilar spectral mismatches during forward and reverse
bias. Functionalization behaves as a band-pass filter, allowing a range of phonon frequencies to
pass through and thus alter the phonon spectrum in the vicinity of functionalization. Such an
alteration of the phonon spectrum is temperature dependent. When placed near the sink i.e., in
reverse bias, the filter alters the cold end phonon spectrum so that there is a greater spectral
mismatch between the hot and cold ends, thereby increasing phonon scattering as compared to
when its placement near the source during forward bias. Structural asymmetry also influences the
rectification. Placing functionalization at the center of the nanotube makes the structure
symmetric, resulting in no rectification at all. The J- AT characteristic obtained for the thermal
diode resembles that for an electrical diode. The operating range is AT = 0-80 K when R
increases with respect to AT with optimal rectification between 40-80 K when R is maximum.

Beyond this range, increasing AT leads to a breakdown of thermal rectification.
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Chapter 5

Thermal AND gate using a monolayer

graphene nanoribbon

A thermal AND gate performs logic calculations with phonons. We present the first ever
implementation of a thermal AND gate using two identical asymmetric graphene nanoribbon
(GNR) based thermal diodes. Employing molecular dynamics simulations, we investigate the
properties of the AND gate and compare them with those for an electrical AND gate. The gate
has two input terminals, a biasing and an output terminal. The thermal analog of voltage for a
thermal AND gate is temperature. We represent the digital logic 1 and 0 states by predefined
‘HIGH’ and ‘LOW’ temperatures, which for our base case are 300 K and 100 K, respectively.
By applying different ‘HIGH’ and ‘LOW’ combinations at the input, we monitor the output. The
effectiveness of the gate in producing an output that conforms to AND operations for the
specified inputs is measured as ¢ = (Output — LOW)/ (HIGH — LOW). For thermal inputs 1 — 0,
0 — 1 and 0 — 0O, the thermal AND gate produces 0<&<0.275, which is comparable to the
0<&£<0.12 range for a silicon electrical diode. The thermal gate mechanism originates through
thermal rectification in its two diodes due to asymmetric phonon boundary scattering, which is
only effective at the nanoscale and at temperatures much below room temperature. The gate has

a fast switching time of ~100 ps due to the high phonon velocity in graphene.

54
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5.1. Motivation and background

Logic calculations performed with phonons are referred to as phononics [49]. The
functional building block of phononic devices is the thermal diode. It allows heat to flow in a
single direction and prevents its flow in the opposing direction [103-105]. Experimental [98],
theoretical [96, 97] and molecular simulation [38, 99-102] investigations have proposed different
material systems for thermal diodes, e.g., mass graded CNT [114], the polyethylene-silicon
interface [38], carbon nanocone [100], graphene nanoribbon (GNR) [99], and solid-fluid
interfaces [103, 104]. However, more complex structures such as thermal logic gates, thermal
memory [106] and thermal transistors [105, 107, 131] that combine thermal diodes have been
sparingly investigated.

In most materials, thermal rectification depends on phonon transport at the nanoscale. At
this scale, interfaces and boundaries scatter phonons and impede thermal transport [125]. Hence,
the design of phononic circuits to produce prescribed interfacial and boundary scattering is a
challenging task. Prior investigations of thermal logic gates [132] have been based on ideal non-
linear atomic chain segments which do not exactly correspond to a real material. For any logic
device, the ‘HIGH’, i.e., digital logic 1 and ‘LOW’, or digital logic 0 states must be established.
For a typical electrical diode, a voltage range determines these states. Since the analog of voltage
for a thermal logic device is temperature, the ‘LOW’ and ‘HIGH’ states of a thermal device are
similarly prescribed by a temperature range.

We present the first design of a thermal AND gate using a GNR thermal diode as its
fundamental building block. The asymmetric shape of the GNR diode produces asymmetric
phonon boundary scattering. Thus, the diode exhibits high rectification, described as the ratio of

forward to reverse current. Using molecular dynamics (MD) simulations, we characterize the
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performance of the thermal AND gate by investigating the fundamental behavior of the gate,

identifying optimal operating conditions, and characterizing its switching behavior.

5.2. Methodology

Molecular simulations have described thermal transport in a monolayer graphene sheet

and GNRs [133-137]. Typically, in such simulations, the atoms at the two edges of the graphene

sheet are held fixed. The next few atomic layers at both ends are used as the heat source and sink

to initiate heat transfer with a non-equilibrium molecular dynamics (NEMD) simulation. We also

adopt this standard methodology.

The basic design of a typical GNR diode is shown in Fig. 5.1(a) where higher heat

current flows from the wider to the narrower terminal, i.e., J, >J_.

A single GNR diode
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‘l+ > J_ Regular atoms
J [ Heat bath

f > atoms at T,
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Figure 5.1: (a) A single GNR diode is shown with heat currents J, and J_. Here, J, >J_,

which indicates that the GNR diode prefers heat current to flow from the wider to the narrower
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terminal. (b) A typical electrical AND gate implemented by two electrical diodes is shown. It has
two input terminals, an output and a biasing terminal, which is connected to the output terminal
via a biasing resistance. (c) The thermal AND gate analogous to the electrical AND gate of Fig.
5.1(b) is presented. The gate consists of two GNR diodes shown in red and blue and is identical to
the one shown in Fig. 5.1(a). These two diodes are connected to a biasing terminal via a
converging-diverging region of very narrow section serving as biasing resistance. Similar to the
electrical diode, it also contains two input terminals, an output terminal and a biasing terminal.
The edge atoms of the inputs and the biasing terminal are held fixed. The next eight layers of
atoms are bath atoms shown in deeper shades of red, blue and green. The entire diode consists of

15372 atoms.

In Fig. 5.1(b) a typical electrical AND gate implemented by two diodes D, and D, is

shown. It has two input terminals, an output terminal and a biasing terminal. The device has
predefined ‘HIGH’ and ‘LOW’ voltage ranges. The output voltage is ‘HIGH’ when both the
inputs are ‘HIGH’. The biasing terminal, usually maintained at ‘HIGH’, is connected to the
output terminal through a biasing resistance. Figure 5.1(c) presents the thermal analog of the
electrical AND gate of Fig. 5.1(b). It is implemented through the two GNR diodes shown in red
and blue and the biasing terminal represented by green. The two diodes are connected to the
biasing terminal through a very narrow region shown in purple that offers high thermal resistance
due to strong boundary phonon scattering. The entire system consists of 15372 C atoms.

The edge atoms of the input and biasing terminals in Fig. 5.1(c), shown in black, are held
fixed. The next eight atomic layers, shown in deeper shades of red, green and blue are used as
heat baths that are maintained at fixed temperatures by a Nosé-Hoover thermostat, which is used
to initiate heat transfer in GNR investigations [137-139]. Results of MD-based studies of thermal

transport in nanostructures can be sensitive to the size of the heat bath due to the presence of a
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localized edge mode (LEM) of phonons that lie close to the boundaries [140]. We use eight
layers of heat bath atoms, which are sufficient for removing this LEM effect on thermal transport
[137, 140]. At steady state, the device output is recorded as the average temperature in the 1 nm
x 1 nm square region centered on the origin. All structures are generated using VMD [72] and
Xenoview [70].

The interatomic interactions between carbon atoms in graphene are described by the
second generation reactive bond order potential (REBO 11) [141] which accurately reproduces
graphene properties, particularly bond strength and anharmonicity [142]. We apply nonperiodic
boundary conditions in all directions and a timestep of 1 femtosecond (fs). All simulations are
performed using LAMMPS [68]. The system energy is first minimized using the conjugate
gradient technique [68]. The minimized structure is then initialized at 300 K. Next, the system is
equilibrated under canonical (NVT) ensemble at T = 300 K for 0.2 nanoseconds (ns) with the
temperature being controlled by Nosé-Hoover thermostat that has a coupling time of 1
picosecond (ps). Finally, the system is equilibrated under an NVE ensemble for 0.2 ns.

After equilibration, heat transfer is initiated by Nosé-Hoover thermostats that have the
same coupling time of 1 ps for the heat bath atoms at the inputs and the biasing terminal. The
heat currentsJ,;, J,, and J, associated with the thermostats at input 1, input 2 and the biasing

terminal are calculated from the rate of energy added or subtracted to each thermostat. At steady

state, which is generally achieved after 2x10° steps, i.e., 2 ns, the heat currents become steady,

fluctuating only within ~3 % of their average values.
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5.3. Results and discussion

5.3.1. Temperature distribution
For the base case, we assume 300 K to be ‘HIGH” and 100 K as ‘LOW’ for the system. The

biasing terminal is also maintained at ‘HIGH’. The temperatures at input 1, input 2, biasing and

output terminals are designated as T, T,, T, and T, respectively. Four different T-T,
combinations are simulated, viz., 0-1,1-0,1-1and 0 - 0. For the 1 - O case, i.e., when T, =
300 K, T, =100 K, diode 2 is forward biased and diode 1 is reverse biased. For this case, the y-

averaged temperature distribution along x in the two diodes is shown in Figs. 5.2(a) and 5.2(b).
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Figure 5.2: (a) The y-averaged temperature distribution along x at steady state in diode 2 is shown.
The input 2 terminal is maintained at ‘LOW”, i.e., 100 K. The temperature does not change
appreciably within the x bounds of the output region, i.e., £5 A. (b) The y-averaged temperature
distribution along x at steady state for diode 1 is shown. The input 1 terminal is held at ‘HIGH”, i.e.,
300 K. Again, the temperature changes very little within the x bounds of the output region. (c) The x-
averaged temperature distribution along y at steady state is plotted in the shaded region which
extends from -5 to 5 A along x. (d) the y-averaged temperature distribution along x in the biasing
terminal and the resistance is shown. For all temperature plots, error bars are not shown for sake of
presentation clarity. The variations of temperature at steady state are within 1% of their average
value.

For both diodes, the temperature remains almost constant within the x bounds of the output
region (illustrated by dotted lines). The x-averaged temperature distribution along y in the shaded

region including the output is shown in Fig. 5.2(c). Again, within the y bounds of the output
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region, the temperature does not change appreciably. The steady state average output
temperature T, = 155 K with any spatial or temporal fluctuations lying within 1%. The

temperature distribution in the biasing terminal and the resistance is shown in Fig. 5.2(d). The
large drop across the narrowest section of the resistance is due to strong boundary phonon

scattering.

5.3.2. Determination of ‘LOW’ and ‘HIGH’ ranges
In an ideal AND gate, when either of the inputs is low, the expected output is ‘LOW’. To
represent the effectiveness of the AND gate, we define an output parameter
£ = (Output — LOW)/ (HIGH — LOW). (5.1)
An ideal AND gate should demonstrate £=0for 0 -1, 1 - 0 and O - O inputs. The inputs and
their corresponding outputs in terms of & for the simulated base case thermal AND gate are
presented as the truth table in Table 5.1.

In classical MD simulations, the temperature,

2 p’
Tuo = > 5.2
P3Nk, 57 2m, ©.2)

Here, T,,, represents temperature calculated through the MD simulation, N the total number of
atoms considered, k, the Boltzmann constant, and p, and m, the momentum and mass of i

atom.

Table 5.1: The truth table

Input 1 Input 2 Output ( g) Ideal
1 0 0.270 0
0 1 0.275 0
0 0 0.025 0
1 1 0.993 1
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When the system temperature is lower than the Debye temperature of the material, quantum
effects on thermal transport can no longer be neglected [143]. By equating the total energies

obtained from the quantum and classical representation of the system, we relate the two

temperatures T,,, and T, [138],

2-I-3TD/TQ X2
T, =—2 dx, 5.3
w=7r [ 7 (53)

where T, represents the Debye temperature and T, the quantum corrected temperature. Since

the reported range of Debye temperature for graphene varies, from between 1000-2300 K [144-
146] to 322 K [50, 139, 147]. the benefit of employing this correction is ambiguous. We assume
the Debye temperature to be 322 K since this temperature has been used for quantum corrections
for thermal rectification studies in single layer GNRs [139, 147]. The value of & for a 1-0 input
increases slightly from 0.275 to 0.28 as a result of the correction. This small ~2% change
suggests a weak influence of the quantum correction. Hence, for the following discussion, we
will neglect its influence.

In a practical implementation of an electrical AND gate, when either of the inputs is ‘LOW”,

the output voltage is higher than ‘LOW’ due to a small voltage drop V, in a forward biased
diode. For instance, a typical silicon diode in forward bias has V, = 0.6 V.[148] With 5 V as
‘HIGH” and 0 V as ‘LOW”,[149] the output of the AND gate shown in Fig. 5.1(b) is 0.6 V, or ¢
= 0.12. Thus, the output is designated as ‘LOW’ if 0<&£<0.12. For the thermal AND gate
output shown in Table 1, this range is 0<¢<0.275, or 100 K<T, <155 K. From Fig. 5.2(b),
the forward bias temperature drop A, across diode 2 is 55 K, which is much lower than the 145

K drop across diode 1 that is reverse biased. Similarly, the output is designated ‘HIGH’ if
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0.99 < ¢ <1. An effective AND gate must have very narrow ranges for ‘HIGH’ and ‘LOW’. We
define the upper limit of the ‘LOW’ range as &, i.e., 0<e<& where & corresponds to the
output ¢ for the 1-0 or 0-1 cases. The output & for the 00 case lies between 0 and ¢ . For the
current AND gate, ¢ = 0.275. The smaller the value of & the better is the gate. The least
effective AND gate will have 0<&£<0.5 and 0.5<¢<1 as ‘LOW’ and ‘HIGH’ ranges. If

£ >0.5, the device no longer operates as an AND gate.

5.3.3. Heat current flow

Figure 5.3 shows the heat current in the gate at steady state. The total current J,, flowing
into input 2 equals the sum of the currents J,; from input 1 and J, from the biasing terminal,

thereby satisfying energy conservation. J, = 0.9J,, is a leakage current flowing from the

‘HIGH’ to ‘LOW’ terminals.

Ji=Jiut Jdy =5
2 3
oi i~
53 =
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£
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© i o
Diode1 . ;

Figure 5.3: The heat currents flowing in the gate at steady state are shown. The heat current J,,

into the diode 2 equals the sum of heat currents J,, from the diode 1 and J, from the biasing

terminal.
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This is different from an electrical AND gate where there is no leakage current flowing from the
‘HIGH’ to ‘LOW’ terminals. A thermal diode has a relatively smaller reverse bias resistance as
compared to an electrical diode. The much higher reverse bias resistance in a typical electrical

diode leads to a rectification ratio J, /J_, i.e., a forward to reverse bias current ratio of about

1000 [150]. The highest rectification ratio reported for a thermal diode is 4.5 [99]. With the GNR
diode of Fig. 5.1(a) it is 1.94. This low rectification ratio leads to a significant leakage current

from the ‘HIGH’ to ‘LOW’ terminals.

5.3.4. The phonon spectra

To understand why the temperature drop across diode 2 is smaller than for diode 1, we
compare the phonon power spectrum for atoms contained in different sections of the two diodes.
An overlap in the phonon spectrum over different portions of a material facilitates phonon
motion without scattering while a mismatch in the spectra produces scattering which lowers the
phonon thermal conductivity and impedes phonon transport [127]. The spectrum P(f) is
determined by taking the Fourier transform of the velocity autocorrelation function obtained
from the MD trajectories [38, 128]. For each diode, we calculate two spectra, one for the layer of
atoms adjacent to the heat bath (layer C for diode 1 and layer B for diode 2) and another for the
layer of atoms at x=0 (layer D for diode 1 and layer A for diode 2), as shown in Figs. 5.4(a)

and (b).
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Figure 5.4: (a) The steady state phonon spectrum for atoms in layers A and B in diode 2 is

presented. Layer B is immediately next to the heat bath. Layer A lies at the center of the x bounds
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of the output region, i.e., at X =0. (b) The steady state phonon spectrum for atoms in layer C and

D in diode 1 is presented. Layer C is adjacent to the heat bath. Layer D lies at x =0.
Clearly, there is significantly higher spectral overlap between layers A and B as compared to that
between layers C and D. The direction of heat transfer in diode 1 is from layer C to layer D while
that in diode 2 is from layer A to layer B. Thus, for a GNR diode, the spectral overlap increases
when heat transfer occurs from the wider to the narrower terminal, as in diode 1, favoring greater
thermal transport in contrast to thermal transport the opposite direction, i.e., from narrower to the
wider terminal in diode 2. In asymmetric GNR thermal diodes, this spectrum modification is
produced by the asymmetric boundary scattering of phonons at different locations [99]. The

higher impedance to phonon transport from layer C to D makes diode 1 to become reverse biased

and thereby induces a relatively larger temperature drop of T,—T, =145K as compared to a

smaller drop of T, —T, =55K across the forward biased diode 2.

5.3.5. Role of phonon spectrum in strong nonlinearity of temperature distribution

It is worth noting that in Fig. 5.2(b), the temperature drop in diode 1 is highly nonlinear
in the vicinity of the heat bath. This is attributed to the very localized spectral mismatch in diode
1 that produces impedance to phonon transport. To prove this, we establish a quantitative
measure of the spectral mismatch between two spectra B (f) and P,(f) as,

o0

[JR()R,(F)df
0 (5.4)

e ]oe]

S=1 and S =0 correspond to the complete spectral overlap and complete spectral mismatch

conditions, respectively. We calculate S between layer C and each of the seven other layers
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shown in Fig. 5.5(a). A plot of S with respect to the position of those layers along x is
presented in Fig. 5.5(b). This exercise helps us understand how the phonon spectrum changes
along the direction of heat transfer in diode 1. For layer 1, S ~1, indicating almost complete
overlap with the layer C spectrum. However, for layers 2-4, the overlap with the layer C
spectrum, indicated by decreasing S, drops significantly over a very small distance but shows
little change beyond layer 5. The steep change in the phonon spectrum from layer C to layer 4

causes significant phonon scattering, The bulk of the temperature drop occurs in this region.
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Figure 5.5: (a) An expanded image of diode 1 is shown where seven layers of atoms, numbered 1
— 7, are highlighted in deep pink along with the layer C the is immediately next to the heat bath

and shown in black. For each of the seven layers, the spectral overlap parameter S is calculated
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between that layer and layer C. (b) The resulting values of S for each of the seven layers with

respect their x-position are plotted.

However, after this section the phonon spectrum does not change appreciably. This implies that
beyond layer 5 there are high spectral overlaps between layers, i.e., very little phonon scattering
occurs beyond layer 5. Hence, the temperature drop is very small in this region. The change in
the phonon spectrum is highly non-uniform and also very localized. This leads to localized
increase in the impedance to phonon transport and explains the strong non-linearity of the

temperature profile close to the heat bath in diode 1.

5.3.6. Role of boundary scattering: comparison with continuum length scale behavior

It is worth asking, if there were no rectification at all from the individual GNR diodes, what
would have been the output temperature? At room temperature, graphene has a phonon mean
free path (mfp) of ~775 nm [151], which is much larger than the length scale L for the base case
AND gate. Consequently, thermal transport is significantly influenced through phonon boundary
scattering, which primarily controls thermal rectification in the diodes. The influence of
boundary scattering could be eliminated by simulating the AND gate at a length significantly
larger than 775 nm. However, such a system would require enormous computational resources.
At the larger length scale, phonon transport is diffusive, allowing us to model the heat transfer

through the continuum 2-D diffusion equation, which at steady state is,

2 2
AN 55
ox~ oy
The steady state temperature contour obtained by solving Eg. (5.5) for an equivalent continuum
system is shown in Fig. 5.6. The continuum system is isometrically scaled up with the ratios of

the lengths of different sections held unaltered. The temperature distribution shown in Fig. 5.6 is
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independent of the thermal conductivity and length scale L, as long as L> mfp of phonons,
since at this scale, boundary scattering has a weak influence on thermal transport as compared to
Umklapp phonon-phonon scattering. The independence of the steady state temperature contours

with respect to the thermal conductivity « are apparent because « is absent from Eqg. (5.5).
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Figure 5.6: Steady state temperature contours in a 2D region that is similar in shape to the
thermal AND gate in Fig. 5.1(c) but with L = 251 mm is shown. The edges at the input and
biasing terminals are subjected to Dirichlet boundary conditions while all other edges are

subjected to adiabatic boundary condition.

The spatiotemporal averaged temperature at the output section is 220 K which is significantly
higher than the temperature obtained with the smaller graphene AND gate. The corresponding
value of & is 0.6, which is outside the maximum allowed range 0<¢& <0.5 for the output to be

designated as ‘LOW’. Hence, the continuum system does not behave as an AND gate. This
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establishes that thermal rectification is essential in obtaining AND gate behavior, which is

achieved at very small length scales due to the strong boundary scattering of phonons.

5.3.7. Dependence of gate performance on input temperature ranges

We now investigate the ranges of operating temperature that lead to the most effective
operation of the AND gate, i.e., the smallest possible value of &. For this, we compare &
obtained for the 1 - 0 input cases with different ‘HIGH’ and ‘LOW’ temperatures. Simulations
are run for three different ‘HIGH’ temperatures of 300 K, 400 K and 500 K. For each such value,
five simulations are run with different ‘LOW’ values such that AT = ‘HIGH’-"LOW?’, varies
from 40 K to 200 K. The resulting plot of £ vs. AT is presented in Fig. 5.7. The base case
corresponds to AT =200 K when ‘HIGH’ is 300 K. For all three ‘HIGH’ temperatures, when
A <80 K the device performance is very poor because ¢ is close to 0.5. Increasing A beyond 80
K improves device performance, as indicated by the decrease in & when ‘HIGH” = 300 K. Very
little additional improvement in & occurs for the other two cases when “‘HIGH” = 400 K or 500

K. This reveals the decreasing efficacy of thermal rectification with increasing temperature.
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Figure 5.7: The variation of & for 1 — 0 input with variations in values for ‘HIGH> and ‘LOW’

are shown. Three values of ‘HIGH’ = 300 K, 400 K and 500 K are used. For each of these, five
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simulations are run with five different ‘LOW’ values such that A varies from 40 to 200 K in
steps of 40 K, where A="HIGH'-'LOW'. The three sets with different ‘HIGH” values’ are

represented with different symbols.

The rectification mechanism based on phonon boundary scattering that limits thermal
conductivity and phonon transport is more apparent at low temperatures. At temperatures higher
than 80 K, the effect of Umklapp phonon-phonon scattering on heat transfer starts to become
comparable to that of boundary scattering [152]. At room temperature, Umklapp phonon-phonon
scattering dominates over boundary scattering [153]. When ‘HIGH’ = 300 K and ‘LOW’ = 100
K, most regions of the device are at temperatures significantly lower than 300 K, as is evident
from Fig. 5.2, i.e., boundary scattering is still effective. Increasing ‘LOW’ from 100 K, i.c.,
decreasing A from 200 K, this effectiveness diminishes, leading to a deterioration in
performance. With ‘HIGH’ = 400 K or 500 K, Umklapp phonon scattering eliminates the

influence of boundary scattering and the device performance is even worse.

5.3.8. Switching characteristics

Finally, we characterize the response of the AND gate to a rapidly changing input. In a
practical implementation, an AND gate is subjected to continuously changing streams of 1 and 0
states at the two inputs. The pace at which the output can keep abreast of changes in the input is
called the switching time, which is an important property of a diode. To examine the thermal
switching time, we first obtain a steady state for the base case with the 1 - 0 state and then
abruptly change the temperature at the ‘LOW’ terminal to ‘HIGH’, i.e., to 300 K, thereby
changing to a 1-1 condition. The resulting alteration in the output ¢ with respect to time is

presented in Fig. 8, where t =0 corresponds to steady state and the input 2 is switched at t =80

ps.
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Figure 5.8: Switching characteristic of the AND gate is shown. At steady state for the base case
with 1 - 0, the input 2 is switch to logic 1. The transient evolution of & is plotted over time. The
error bar representing the error in ¢ calculated over the temperature of all atoms in the output
region. In this figure, t =0 represents steady state. After 80 ps the input is switched.
The device output ¢ responds to this change by attaining a value close to 1 in about 100 ps,
which represents the switching time. This time is comparable to that for a fast response electrical
diode, such as the Schottky diode which has a switching time between 10 to 100 ps [154]. The

fast response of the thermal device can be attributed to the very high phonon speed in grapheme,

which is ~2x10*m s™[155].

5.4. Summary

A thermal AND gate is implemented using GNR diodes and represents the first study of such a
gate using existing nanomaterials. Employing molecular dynamics simulations, the diode
performance is characterized. The output from the diode is presented in the form of a truth table.
The range of output temperatures that can be designated as ‘HIGH’ and ‘LOW’ are identified.

With either inputs at a logic O state, the device output parameter ¢ is in the range 0<&<0.275,
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which is comparable to that for a typical silicon based electrical diode (0<&<0.12). The
working mechanism of the thermal AND gate is controlled by the thermal rectification effect in
the two diodes. This rectification occurs due to asymmetric phonon boundary scattering, which is
significant at the nanoscale when the device length is comparable to the phonon mfp. Thus, such
a device loses its efficacy at continuum length scales. The device performs better at temperatures
lower than 300 K when boundary scattering dominates over phonon-phonon Umklapp scattering.

The switching speed of the AND gate is ~100 ps, which is comparable to that for fast electrical

diodes. This is attributed to the fast phonon propagation speed of 2x10* m s in graphene. The
results imply there is significant potential to implement GNR diodes in phononic logic circuits

and thus perform computations with phonons.
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Chapter 6

Future research

The research in the area of thermal rectification is still in its infancy. A majority of the work in
this area is theoretical or simulations based. Experiments need to be performed which can
validate simulation results and test implementation of phononic devices such as GNR AND gate,
thermal transistor, etc. A primary difficulty in performing experiments is the small size of such
systems, often at the nanometer range. Much of the interesting thermal behavior is apparent only
at that length scale due to phonon boundary scattering. Thus scaled up prototypes lose the
thermal behaviors manifested at a smaller length scale. Another practical concern is the range of
temperatures far below or above room temperature required in these studies. New experimental
schemes need to be developed for performing those challenging thermal transport studies.
Although properties of different thermal diode implementations are well characterized by
now, not enough investigations have been reported on how these diodes behave collectively
when placed in a phononic circuit. The thermal AND gate proposed in chapter 5 is just a first
step in that direction. Detailed investigations of other device like thermal OR gate, memory, and
transistor need to be performed. In thermal memory studies, the major concern needs to be

addressed is the problem of slow information loss due to heat loss over long periods of time.

74
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In chapters 2 and 3 we explored different mechanisms to reduce phonon thermal
conductivity in polymers for thermoelectric energy applications. With reduction of thermal
conductivity, the thermoelectric figure of merit goes up, given that the electrical conductivity
remains the same or does not increase appreciably. To test this, the role of phonon transport on
electrical transport, i.e., electron-phonon interactions also needs to be modeled. The standard
molecular dynamics simulation technique ignores electronic interactions. It will be worth
investigating how mechanical deformation can alter electronic properties of the system and how
does that change the thermoelectric figure of merit. Techniques like CPMD (Car—Parrinello
molecular dynamics), quantum-classical tight binding schemes can include electronic
interactions and can provide estimates of electronic conductivity of such systems. However, the
main problem with CPMD or similar first principle simulation techniques is that the
computational time required to model a system large enough to be physically meaningful is
enormous. Thus, the challenge is to develop mesoscale numerical simulation tools which can
consider electron-phonon interactions without explicitly modeling individual electrons. Such a
coarse graining model can be applied to a variety of mass and energy transport problems such as
thermoelectric energy storage and conversion, transport of ions in batteries for large scale

electronic storage etc.
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Appendix A
Description of the force field employed for the molecular

dynamics simulations in chapter 2

We use a class Il force field,[156] Polymer Consistent Force Field (PCFF), in which the

total potential energy of the polymer

E=E B Eoter B ot o™ i i+ B vt (A1)
Eoond =ZQ(| —1)* +¢, (1 =1p)° +¢, (1 —1,)", (A2)
Borge =;d1(9—66)2 +0,(0-4)’ +d,(0-q)" (A3)
Einedral = ; k,(1—-cos(¢)) +k, (1—cos(2¢)) +k; (1-cos(3¢)) , (A4)
Eout o plane = 2, K27, (A5)

%’ufﬁcnpirgma'm :EU'CHDTJ +g:rd—a'ge +En‘d4us'm +ggeage +ggeage4u9m +%rge4ns'o’ (AG)

B s = 210111 (A7)
B e =2 111 )04, (A8)
Booeet-torson =§(I —1,)(g, 005 $+ (), 008 244+, 005 34) (A9)
SR— =§(9—6z,xg;oos¢+g;oos2¢+g;oos3¢>, (A10)
Erte_angt tosion = ., Kea (0—6,)(0' —6}) CO3 6, (A11)
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Eclngle—angle = ZS(@— 90)(0 _Ho)’ (A12)
1,0

Enon—bonded = ECoqumb + Evdw ’ (A13)

ECoqumb = @ ! (A14)

i

Evn = 26, 2[%] —3[ﬁ] . (A15)

ij rij

Here, Epong 1S the energy associated with change in bond length | during the simulation from
equilibrium bond length Iy, and c1, ¢z, and c; denote the force constants associated with the bond
stretching. The 3™ and 4™ order terms in Eq. (A1) are considered along with the 2™ order
harmonic term in order to account for the anharmonic interactions in these polymers. Eangie
denotes the energy associated with change in bond angle 6 from the equilibrium bond angle 6,
with di, d,, and d; as associated force constants. The torsional potential energy Eginegral IS
characterized by the change in the dihedral angle ¢ from the equilibrium dihedral angles ¢o (9o
=0 for the present case) with ki, kp, and ks as associated force constants. The out of plane

deformation is characterized by the out of plane angle » and the associated constant K as shown

in Eq. (A5). The cross coupling terms account for the effect of one deformation on the other,

e.g., the influence of bond stretching on angle bending. These are calculated from Egs. (A7)-
(A12). In these relations 1,,6,,15,6;,09,,9,,95.0,,9,,05,8.h,h’,k,, are all constants. The

nonbonded interactions are given by Enon-bonded Which is sum of contributions from Coulombic
(Ecoulomb) @nd van der Waals (E,qw) interactions. For Columbic interactions, as shown in Eq. (14),
gi and q; represents the partial charges of atoms separated by an interatomic distance of r;. For
calculating long range Coulombic interactions, a particle-particle particle-mesh (pppm)t>”!

algorithm is used. The van der Waals interactions are calculated in the form of a 6-9 Lennard-
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Jones (LJ) potential, as shown in Eq. (Al5). Here, the size parameter g is the radial distance r;;
between the centers of atoms i and j at which the potential is zero and ¢;; denotes the depth of the
potential well. gj; for the atom pair i, j is calculated from the individual LJ size parameter of
individual atoms g; and g;j using a sixth power rule as shown in Eq. (A16), whereas the energy

parameter &;; for the atom pair i, j is given by the formula shown in Eq. (A17), i.e.,

1

o —E(q%af)}(%,and (A16)

e =2 \/E ﬂ_ (A17)
! s O'i6+0'i6

To save computational time, both the van der Waals and Coulombic interactions are truncated

after a cutoff distance rc, i.e., the potential is set to zero when the interatomic distance is larger

than r.. For all simulations, a cutoff distance of 10 A is used for both the van der Waals and the

Coulombic interactions.
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Appendix B

Simulation details and force field parameters used in chapter 2.

B.1. Energy minimization

We employ the conjugate gradient technique for energy minimization. The resulting convergence
of the total energy with respect to the number of iterations is shown in Fig. B1 for representative
minimization simulations conducted for a PANI and a PA system. AIll systems are
thermodynamically initialized (i.e., the constituent atoms in that system are assigned initial
velocities corresponding to a specified temperature) only after minimization. Hence, the global
kinetic energy of the system is zero during the minimization process so that the total system
energy is essentially the potential energy of the system. Figure B1 shows that the change in this

total energy from timestep 999 to 1000 is 1.21 % for PANI and 0.04 % for PA.
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Figure B.1: The convergence of the system energy to a minimum during representative minimization

simulations for a PANI and a PA system.
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B.2. Details of NEMD simulation

The thermal conductivity is calculated using reverse nonequilibrium molecular dynamics
(NEMD). We use the algorithm proposed by Muller-Plathe described in Ref. [23] of the revised
manuscript. The standard NEMD method applies thermostats that maintain two different
specified temperatures in two regions in the material, i.e., the method applies a known
temperature gradient. The heat flux is thereafter determined as the system responds to this
condition. On the contrary, with reverse NEMD, a known heat flux is established in the system.
As a result, a temperature gradient between the hot and cold regions emerges as the response of
the system rather than a prescribed condition. Subsequently, the empirical Fourier’s heat
conduction law is applied to calculate the thermal conductivity.

The entire domain is divided into 100 layers along the direction of heat transfer (which is
along the x-axis in our case). When, after equilibration, the temperature of the entire domain
becomes uniform at 300K, after every 300 timesteps, the atom with highest kinetic energy in the
left boundary layer and the atom with least kinetic energy in the middle layer are selected and
their Kkinetic energies are exchanged by rescaling their velocities. This increases the kinetic
energy of the middle layer. A temperature difference is thus established across the domain that
facilitates energy transfer from the hot middle layer to the colder boundary layers. A steady state
temperature profile is reached when the energy transport rate due to this kinetic energy exchange
from the cold to the hot layer is balanced by the heat flux in the reverse direction. Thus, the
middle layer behaves as a heat source and the two end layers as sinks. This produces a symmetric
temperature profile across the length of the domain over time as shown in Fig. 2.1.

The system is simulated for 5 ns under an NVT ensemble at 300 K. During the final 1 ns, the

spatial temperature profile along the x-wise direction is determined at 0.1 ns intervals. The
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temperatures of the two boundary layers and of the middle layer are shown in Fig. B2. These
temperatures correspond to the temperature profile of Fig. 2.1. From Fig. B.2, we note that the
time-averaged temperature in the middle is 330.25 K while the corresponding values for the left
and right boundaries are 271.53 K and 269.13 K, respectively. The small deviations in
temperature (with maximum magnitudes of £1.3%) from the time averaged value in Fig. B.2

indicate that steady state has been reached.
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Figure B.2: The temperatures of the boundary layers and in the middle layer along x-wise direction of the
domain are plotted for last 1 ns of NEMD simulation at 0.1 ns intervals. The error bars represent the

standard error in temperatures obtained from ten samples collected during this period.

The temperature gradient JT /ox in each half of the domain along the x-wise direction is
calculated and averaged for each of the ten temperature profiles obtained over the final 1 ns.

Finally, the thermal conductivity is obtained from Fourier’s law, i.e.,

k=—j, /(T 16x) , (B1)

av
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where x denotes the thermal conductivity, jx = Jx/2 is the applied heat flux from the source to

either of the sinks, and (oT /ax)av the average temperature gradient considering both the left and

right halves of the material that is further averaged over the ten temperature profiles obtained
during the final 1 ns. Note that J, is the total energy exchanged across the hot and cold layers
over the entire simulation length per unit cross sectional area (which is the yz plane) of the
domain.

The parameters required to calculate the total potential energy according to the
formulation described in the Appendix of the main manuscript are provided in Tables B1-B11
(for PANI) and Tables B12-B22 (for PA). The constant s in Eq. (A12) is zero for both PA and
PANI. In each table the interaction parameters are provided for only those types that have a non-
zero contribution towards the energy.

PCFF parameters[70, 156] for PANI

Table B.1: The different atom types present in a PANI molecule.

Atom type Description
cp Carbon atom in sp? hybridized state
hc Hydrogen atom bonded to carbon atoms
hn Hydrogen atom bonded to nitrogen atoms
na Nitrogen in sp® hybridized state (amines)
nb Nitrogen in sp? hybridized state (amines)

Table B.2: Bonded interaction parameters for different bond types in PANI (Eq. (A2)).

Bond type Equilibrium C1 e Co L e C3 e
bond length Iy (A)  (Kcal mole™ A®)  (Kcal mole™ A®)  (Kcal mole™ A™)

na -cp 1412 257.800 0.000 0.000

na - hn 1.006 466.700 -1074.000 1251.000

cp - cp 1.417 470.800 -627.600 1328.000

cp -hc 1.098 372.800 -803.500 894.300

cp -nb 1.391 447.000 -784.500 886.200
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Table B.3: Angle interaction parameters for different angle types in PANI (Eqg. (A3)).

Equilibrium d 1 dz 4 ds 1

Angle type angle 6 (radian) (Kcal_m(_)zle (Kcal_m%Ie (Kcal_m(_)4Ie
radian™) radian™) radian™)
cp-na-hn 1.920 41.600 0.000 0.000
hn-na-hn 1.869 45.250 -7.556 -9.512
na-cp-cp 2.094 102.000 0.000 0.000
cp-cp-cp 2.075 61.020 -34.990 0.000
cp-cp-hc 2.058 35.160 -12.470 0.000
cp-na-cp 1.902 80.000 0.000 0.000
cp-cp-nb 2.120 61.060 -21.620 0.000
cp-nb-cp 2.094 50.000 0.000 0.000

Table B.4: Dihedral interaction parameters for different dihedral types in PANI (Eq. (A4)).

. k k k
Dihedral type (Kcal r;ole'l) (Kcal r;ole'l) (Kcal r%ole‘l)
hn -na -cp -cp 0.000 2.250 0.000
na -cp -cp -cp 0.000 3.000 0.000
na -cp -cp -hc 0.000 3.000 0.000
cp -cp -cp -¢cp 8.367 1.193 0.000
cp -cp -cp -hc 0.000 3.966 0.000
hc -cp -cp -hc 0.000 1.877 0.000
cp -cp -na -cp 0.000 2.250 0.000
cp -cp -cp -nb 0.000 5.383 0.000
hc -cp -cp -nb 0.000 1.333 0.000
cp -cp -nb -cp 0.000 2.250 0.000

Table B.5: Out-of-plane (improper) interaction parameters in PANI (Eqg. (A5)).

K
Improper type (Kcal mole™
radian®)
cp -na -cp -cp 10.000
cp -cp -cp -hc 7.601
cp -cp -cp -nb 10.790
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Table B.6: Bond-bond cross-term parameters for PANI (Eq. (A7)).

Bond-bond
type

h (Kcal mole™ A?)

hn-na-hn
cp-cp-cp
cp-cp-hc
cp-cp-nb

-1.875
68.286
1.080
46.951

Table B.7: Bond-angle cross-term parameters for PANI (Eq. (A8)).

Bond/angle h' (Kcal mole™
type A'radian™)
hn-na/hn-na-hn 28.032
cp-cp/cp-cp-cp 28.871
cp-cp/cp-cp-he 20.003
cp-hc/cp-cp-he 24.218
cp-cp/cp-cp-nb 39.404
cp-nb/cp-cp-nb 73.655

Table B.8: Bond-torsion cross-term parameters for PANI (Eq. (A9)).

Bond/torsion type

g, (Kcal mole™

g, (Kcal mole™

g, (Kcal mole™

Ah Ah Ah

cp-cp/cp-cp-cp-cp -0.119 6.320 0.000
cp-cp/cp-cp-cp-he 0.000 -6.896 0.000
cp-hc/cp-cp-cp-he 0.000 -0.467 0.000
hc-cp/hc-cp-cp-he 0.000 -0.689 0.000
cp-cp/cp-cp-cp-nb 0.000 -6.540 0.000
cp-nb/cp-cp-cp-nb 0.000 -7.348 0.000
hc-cp/hc-cp-cp-nb 0.000 -2.648 0.000
cp-nb/hc-cp-cp-nb 0.000 -1.640 0.000
cp-cp/cp-cp-cp-cp (middle) 27.599 -2.312 0.000
cp-cp/cp-cp-cp-hc (middle) 0.000 -1.152 0.000
cp-cp/he-cp-cp-he (middle) 0.000 4.823 0.000
cp-cp/cp-cp-cp-nb (middle) 0.000 -0.569 0.000
cp-cp/he-cp-cp-nb (middle) 0.000 2.288 0.000
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Table B.9: Angle-torsion cross-term parameters for PANI (Eq. (A10)).

Angle/torsion type

g; (Kcal mole™

g, (Kcal mole™

g (Kcal mole™

radian™) radian™) radian™)
cp-cp-cp/cp-cp-cp-cp 1.977 1.024 0.000
cp-cp-cp/cp-cp-cp-he 0.000 2.501 0.000
cp-cp-hc/ep-cp-cp-he 0.000 2.715 0.000
hc-cp-cp/hc-cp-cp-he 0.000 2.450 0.000
cp-cp-cp/cp-cp-cp-nb 0.000 9.090 0.000
cp-cp-nb/cp-cp-cp-nb 0.000 -6.088 0.000
hc-cp-cp/hc-cp-cp-nb 0.000 2.981 0.000
cp-cp-nb/hc-cp-cp-nb 0.000 0.279 0.000

Table B.10: Angle-angle-torsion cross-term parameters for PANI (Eq. (A11)).

Angle/angle/torsion

k,, (Kcal mole™

type radian™)
cp-cp-cp-hc -4.814
hc-cp-cp-hc 0.360

Table B.11: Nonbonded interaction parameters for PANI.

Size parameter o

Depth of potential well ¢

Partial charge

Atom Type A) (Kcal mole™) q[158]
(electron units)

cp (cp-na/ cp-nb) 4.010 0.064 0.083
cp (cp-he) 4.010 0.064 -0.127

hc 2.995 0.020 0.127

hn 1.098 0.013 0.359

na 4.070 0.065 -0.415

nb 4.070 0.065 -0.414
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PCFF parameters [70, 156] for PA

Table B.12: The different atom types present In a PA molecule.

Atom type Description
cp Carbon atom in sp? hybridized state
hc Hydrogen atom bonded to carbon atoms

Table B.13: Bonded interaction parameters for different bond types in PA (Eqg. (A2)).

Bond type Equilibrium C1 L Co L C3
bond length I (A)  (Kcal mole® A?)  (Kcal mole® A%  (Kcal mole™ A™)
cp - cp 1417 470.836 627.618 1327.635
cp - he 1.098 372.825 -803.453 894.317

Table B.14: Angle interaction parameters for different angle types in PA (Eq. (A3)).

Equilibrium d do d

Angle type angle d (radian) (Kcal_m(_)zle (Kcal_m%Ie (Kcal_m<_)4le
radian™) radian™) radian™)
cp-cp-hc 2.058 35.156 -12.468 0.000
cp-cp-cp 2.075 61.023 -34.993 0.000
hc-cp-hc 2.094 37.000 0.000 0.000

Table B.15: Dihedral interaction parameters for different dihedral types in PA (Eq. (A4)).

. K1 K, K3
Dihedral type (Kcal mole™) (Kcal mole™) (Kcal mole™)
hc -cp -cp - cp 0.000 3.966 0.000
hc -cp -cp -hc 0.000 1.877 0.000

cp -cp -cp -cp 8.367 1.193 0.000
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Table B.16: Out-of-plane (improper) interaction parameters in PA (Eg. (A5)).

K
Improper type (Kcal mole™
radian’®)
cp -cp -cp -hc 7.601
cp -cp -hc-hc 10.000

Table B.17: Bond-bond cross-term parameters for PA (Eq. (A7)).

Bond-bond
type

h (Kcal mole™ A?)

cp-cp-hc
Cp-cp-cp

1.080
68.286

Table B.18: Bond-angle cross-term parameters for PA (Eq. (A8)).

Bond/angle h' (Kcal mole™
type A'radian™)
cp-cp/cp-cp-he 20.003
cp-hc/cp-cp-he 24.218
cp-cp/cp-cp-cp 28.871

Table B.19: Bond-torsion cross-term parameters for PA (Eq. (A9)).

. g, (Kcal mole™ g, (Kcal mole™ g, (Kcal mole™
Bond/torsion type AY) AY) AY)
hc-cp/hc-cp-cp-cp 0.000 -0.467 0.000
cp-cp/he-cp-cp-cp 0.000 -6.896 0.000
hc-cp/hc-cp-cp-he 0.000 -0.689 0.000
cp-cp/cp-cp-cp-cp -0.119 6.320 0.000
cp-cp/hc-cp-cp-cp (middle) 0.000 -1.152 0.000
cp-cp/he-cp-cp-he (middle) 0.000 4.823 0.000
cp-cp/cp-cp-cp-cp (middle) 27.599 -2.312 0.000
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Table B.20: Angle-torsion cross-term parameters for PA (Eq. (A10)).

. g; (Kcal mole™ g, (Kcal mole™ g (Kcal mole™
Angleftorsion type radian™) radian™) radian™)
hc-cp-cp/hc-cp-cp-cp 0.000 2.715 0.000
cp-cp-cp/he-cp-cp-cp 0.000 2.501 0.000
hc-cp-cp/hc-cp-cp-he 0.000 2.450 0.000
Cp-Cp-cp/cp-cp-cp-cp 1.977 1.024 0.000

Table B.21: Angle-angle-torsion cross-term parameters for PA (Eq. (All)).

Angle/angle- k., (Kcal mole™
torsion type radian™)
hc-cp-cp-cp -4.814
hc-cp-cp-hc 0.360

Table B.22: Nonbonded interaction parameters for PA.

Size parameter o Depth of potentia_ll well ¢ Partial charge
Atom Type A) (Kcal mole™) q[159] _
(electron units)
cp (bonded to 1 hc) 4.010 0.064 -0.010
cp (bonded to 2 hc) 4.010 0.064 -0.200

Hc 2.995 0.020 0.100




SOUVIK PAL APPENDIX C Page89

Appendix C

Simulation details of chapter 3

C.1. Description of the simulated structures

We consider five geometrical configurations for this investigation containing polyaniline (PANI)
and polyacetylene (PA) in the same 1:1 ratio with 64 chains of each polymer. For both PANI and
PA, each chain contains 24 carbon atoms in their backbone. Table C1 contains a schematic of the
cross section (in the y-z plane) for each configuration with dimensions. Blue represents PANI

and white corresponds to PA. All structures are constructed using Xenoview.[70]
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Table C.1: Geometric details of simulated structures in chapter 4

Length along x
Configuration Cross-section in yz plane (heat transfer) Volume(A®)
direction AX (A)

AY /2

1. PA AZ =37.46A 4475 73272

AY =43.71A

5A
2. n Az =3397A 44.83 74527
PA

| AY =44.23A |
I
5A

Tsa

3. - AZ =33.27A 4428 76322

PANI

| AY =43.44A |
I 1

41.95 73171

AZ =37.96A

|
5. ] " | AZ =35.93A 43.12 73173
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C.2. Interfacial area

The interfacial area S is the area of the contact surfaces across which the polymers interact. From
the y-z plane cross section the length of the interface is calculated, which is then multiplied by
the length of the configuration along x-wise direction (AX ) to obtain the total interfacial area. If
the interface between PANI and PA is smooth, as shown in Fig. C1(a), its length AZ can be
marked by the dotted line. Thus, the total interfacial length for configuration 1 is 2AZ accounting

for the periodic boundary conditions, i.e., S = 2AZAX .

AY /2

AZ =37.46A

LAY =43.71A |
I 1

Figure C.1: The schematic for calculation of interfacial area for configuration 1.

C.3.Modification of interfacial area calculation for distorted interface.

Due to the movement of the PANI and PA atoms during thermal equilibration, the interface
becomes distorted so that it is no longer a regular straight line, as illustrated in Fig. C1.
Therefore, a more accurate measure of S is obtained using an image analysis code.[160] Figure
C2 contains an actual image for configuration 1 following thermal equilibration at 300 K. The

interface is identified in the figure and its length is measured by the code after proper calibration.
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AZ =37.46A
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f« >

Figure C.2: Image of the interface obtained from the simulation of configuration 1 after

equilibration at 300 K.

C.4. Calculation of interfacial area for random distribution (configuration 5) of polymer
chains

For configuration 5, the PANI and PA molecules are distributed randomly throughout the cross-
section. No well-defined interfaces can be identified through the cross sectional view. This
makes the process of outlining the interface and calculating its total length both tedious and
inaccurate. To circumvent this problem, the image processing functions in MATLAB (version
R2012a 7.14.0.739) are used. Figure C3(a) shows the cross-section of configuration 5 from a
simulation image after equilibration at 300 K. The corresponding grayscale binary image is
presented in Fig. C3(b). Using the Prewitt edge detection algorithm in MATLAB,[161] the
interface is detected as illustrated in Fig S3(c). The total interface length is obtained by counting
the number of white pixels in Fig. C3(c) and comparing it with the magnitude of the image
dimensions in pixels. Unlike the image analysis approach described in Fig. C2, this approach
involves tedious image pre-processing for MATLAB to produce meaningful results. So the

image analysis code[160] is used for configurations 1 to 4 for convenience.
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"> B

(a) (b) (©)
Figure C.3: Cross section (y-z plane) view of configuration 5 with a random distribution of PANI
and PA a) A simulation image obtained after equilibration at 300 K. b) The corresponding grayscale
binary image in MATLAB c) Detected edges from Fig. C3(b) using the Prewitt edge detection

algorithm in MATLAB,[161] represented by white lines.

C.5.Energy minimization

Energy minimization for all configurations is performed using the conjugate gradient technique.
The convergence of energy with respect to subsequent iterations for a representative simulation
for configuration 1 is shown in Fig. C4. This convergence is similar to that obtained for all other
configurations. Since we perform velocity initialization (i.e., assign initial velocities
corresponding to the desired temperature to individual atoms in the configuration) only after
minimization, the kinetic energy is zero. Hence, the energy plotted in Fig. C4 is essentially the

potential energy of the configuration. The minimization process runs until it satisfies the

convergence criterion|(E, —E, )/ E, ,|<107°, where, E  and E,_,are the energies at the n and

n—1 iterations. For configuration 1 being discussed, convergence occurred after 913 iterations.



SOUVIK PAL APPENDIX C Page94

225000

205000

185000

165000

145000

Energy (kJ mol™)

125000

105000 : : : : '

0 200 400 600 800 1000
Iterations

Figure C.4: The convergence of the energy to a minimum during a representative energy

minimization simulation for configuration 1.

C.6.Details of equilibration

After energy minimization, each configuration is initialized at the simulation temperature (150,
200, 250, 300, 350 and 400 K for the different cases) followed by a two-step process of
annealing and tempering, and a three-stage equilibration process under NPT-NVT-NVE
ensembles, each for 0.2 nanoseconds as detailed in the main manuscript. To check if a
configuration is properly equilibrated, the temperature during the final (NVE) stage is tracked
over time. For the first two stages (NPT and NVT), the temperature is held constant. Proper
equilibration ensures that temperature also remains constant during the following NVE stage.
Figure C5 shows the temperature of configuration 1 during the 0.2 nanoseconds long NVE stage
after the NPT and NVT stage at 300 K. The temperature fluctuates around a time-averaged value

of 299 K with small deviations (that have a maximum magnitude of +0.76 % from the time
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averaged value). This indicates that a steady state has been reached and a properly equilibrated

structure has been obtained.

310 r
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Figure C.5: The variation in temperature for configuration 1 over time during the NVE stage after

completing the NPT and NVT stages for a constant temperature of 300 K.
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