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15  Abstract

16  Diamond nanothread (DNT), a novel class of nanomaterial that outperforms traditional carbon-
17  based nanomaterials, is an exceptional reinforcer for advanced polymer composites and holds
18  great promise in various applications of composites. In this atomistic simulation study, the
19  novelty lies in the comprehensive exploration of DNT-polymer interfacial thermal conductance
20  and the identification of methyl functionalization as a superior strategy, with clear implications
21  for designing advanced thermal management composites. It is found that DNTs, derived from
22  surface modifications (i.e. hydrogenation and functionalization) of the carbon nanotube (CNT)
23 with chirality of (3, 0), demonstrate significantly enhanced interfacial thermal conductance in
24 nanocomposite systems compared to the unmodified CNT. Particularly, the incorporation of
25 DNT_C-CH3 achieves the highest interfacial thermal conductance of 0.115 GW-m?2-K,
26  signifying a 140% improvement over CNT. Through analyzing the phonon density of states
27  (PDOS) of different reinforcements and paraffin wax matrix, it is revealed that the low-
28  frequency (0~ 70 THz) phonons dominate the interfacial thermal conductance due to their more
29  significant contribution compared to the high-frequency (70 ~ 120 THz) phonons. Among all
30 interfacial material combinations, DNT C-CHs/paraffin wax exhibits the best matching in
31  terms of the PDOS overlap, the PDOS peak intensity and the PDOS peak position in the low-
32  frequency regime, which facilitates the most effective phonon transport across the interface and
33  thereby leads to significant enhancement in interfacial thermal conductance. Furthermore,
34  density functional theory (DFT) calculations uncover the optimal molecular electrostatic
35 potential distribution and the highest binding energy of DNT C-CHs/paraffin wax molecular
36  structures, indicating excellent interfacial compatibility and strong adhesion between the
37  reinforcement and matrix material, which plays an important role in enhancing the interfacial
38  thermal conductance. The findings of this study not only deepen the understanding of the
39  physical mechanisms governing interfacial thermal conductance but also highlight the great
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potential of DNT reinforced composites in advanced thermal management applications.
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1. Introduction

Polymer nanocomposite materials, featuring lightweight, high design flexibility and
outstanding electrical properties, are becoming immensely prevalent for applications in flexible
electronic devices, including touch screens [1-3], healthcare monitoring [4-6], electronic skin
[7-9] and energy harvesting and storage devices [10-12]. Among various reinforcements for
polymer nanocomposites of intensive research interest, carbon-based nanomaterials have
emerged as promising candidates due to the ability to improve multiple properties of the
composites. Specifically, enhancements in mechanical properties have been demonstrated by
Zhuang et al. [13-15], Dong et al. [16], Tam et al. [17], Wang et al. [18] and Zhao et al. [19].
Optimizations in electrical properties have been reported by Spitalsky et al. [3], while
improvements in thermal properties have been documented by Danayat et al. [20] and Lan et
al. [21]. These findings indicate the versatility and potential of carbon-based nanomaterials in
advancing the performance of polymer nanocomposites across diverse applications. However,
polymer nanocomposites reinforced with carbon-based nanomaterials used to confront with
heat transfer problems due to the low interfacial thermal conductance [22], which has emerged
as a critical bottleneck impeding the performance, durability, and reliability of advanced
electrical devices. For instance, the enhancement of thermal conductivity in CNT reinforced
polymer nanocomposites is limited to a single order of magnitude [23], which falls short of
expectations. According to the diffusion model [24], low interfacial thermal conductance arises
from the mismatch between the phonon vibrational spectra of reinforcement materials and
polymer matrix, which leads to a significant thermal energy barrier at the interface. Studies on
improving the thermal conductance of polymer nanocomposites are receiving increasing
attention, particularly in exploring alternative reinforcements for polymer nanocomposites with
high interfacial thermal conductance and revealing the interfacial thermal conductance
mechanisms for bottom-up design.

DNTs, synthesized through solid state polymerization of benzene [25], have attracted great
interests due to their exceptional mechanical properties [26-29], electronic properties [30-32]
and thermal conductivity [33, 34]. The DNTs are sp>-bonded carbon crystalline structure with
its outer surface terminated with hydrogen atoms and exhibit various morphologies depending
on the construction methods [35]. It has been demonstrated that DNTs manifest superiorities
over traditional nanomaterials in the application of nanodevices. Duan et al. [36] found that the
DNTs can be applied as sensitive mechanical resonators with an extreme mass resolution of
~0.58 yg, which is almost one order of magnitude higher than that of CNTs (~10 yg) with the
same length. Zhan et al. [37] discovered that the DNTs-based bundle can serve as tremendous
energy storage device with a gravimetric energy density of 1.76 MJ kg ™! under pure tensile
loading, which is 300% larger than that of Li-ion batteries (~0.43-0.79 MJ kg ! [38]).
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Recently, the promising roles of DNTs as reinforcements for polymer nanocomposites as well
as the interfacial interaction mechanisms have been explored [39-46]. The influence of DNTs
on the glass transition temperature, which significantly impacts material performance of
composites, has been extensively investigated [40, 41]. Especially, Ji and Zhang [40] indicated
that the DNT reinforced polymer nanocomposites are excellent components for inner glazing
material in optical-electronic devices with a glass transition temperature of 494 K, which is 70
K higher than that of bulk polymer matrix. They found that the transition from glassy to rubbery
state in polymer nanocomposites originated from the interfacial debonding brought by the
enlargement of free volume at the interface. Wang et al. [41] reported that distinct topological
configurations of DNTs influence the glass transition temperature of polymeric materials,
consequently affecting the thermomechanical properties. Zhan et al. [43] found that the
incorporation of DNTs in polyethylene polymer matrix can enhance the interfacial load transfer
ability, thereby improving the mechanical property of DNT reinforced composites. Zhang et al.
[45] demonstrated that parallel crazing can form in the DNT reinforced polymer
nanocomposites under uniaxial tension, which can be utilized as anisotropic conductive films
for flat panel displays. During the crazing process, they found that the DNTs are stretched to
the aligned fibrils and linked crazing tightly by interfacial interaction (van der Waals
interactions and mechanical interlock [46]). Despite various efforts to shed light on the
application of DNTs in polymer nanocomposites, as mentioned above, the thermal energy
transport across DNTs-polymer interfaces and underlying mechanisms remain unexplored
mainly due to the complicated interfacial interactions, which impedes further applications of
DNT reinforced polymer nanocomposites.

This work makes a first attempt to comprehensively investigate the interfacial thermal
conductance between different types of DNT reinforcements and polymer matrix in
nanocomposites by using molecular dynamics (MD) simulations. The influences of DNTs’
morphology and surface modification on the interfacial thermal transport are studied.
Systematic analysis is carried out to unveil the interface mechanisms of thermal energy
transport from atomic insight. The advantages of DNTs over other carbon-based nanomaterials
such as CNTs in heat removal of polymer nanocomposites are discussed. The revealed interface
mechanisms can provide important guidance for the design of flexible electronic devices with
ideal interfacial thermal conductance. The novelties of this study are threefold: (1) The
comprehensive exploration of DNT-polymer interfacial thermal conductance, (2) The
identification of methyl functionalization as a superior strategy, (3) The clear implications for
thermal regulation applications in electronic device and energy storage areas.

2. Methodology
2.1. Preparation of atomistic system

In this work, the polymer nanocomposites are composed of pure paraffin wax (C3oHe2) and

DNTs with various topological structures. The paraffin wax has been widely used as phase

change materials on electronic devices [47]. Following the previous studies [40, 46], six typical

types of DNTs with different structural configurations are considered as reinforcements for

polymer matrix. The morphologies of different DNTs are depicted in Fig. 1(a). For comparison,

CNTs with chirality of (3,0) that possess similar atomic structure and aspect ratio with DNTs_C
3
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are studied as well. The Condensed-phase Optimized Molecular Potentials for Atomistic
Simulation Studies (COMPASS) force field [48] is employed to describe the interatomic
interactions of DNTs and polymer matrix. The feasibility of COMPASS force field for studying
DNTs and polymer nanocomposites has been well justified in previous work [40, 45, 46, 49].
For example, Zhang et al. [46] calculated the Young’s modulus of DNT using the COMPASS
force field, yielding a value of 121 nN which closely aligns with the 136 nN previously
measured by Silveira and Muniz [27]. Luo and Lloyd [49] found that the thermal conductivity
of pure amorphous paraffin wax based on the COMPASS force field falls well within the range
of experimental values. Moreover, the thermal conductivity of paraffin wax matrix in this work
is calculated as 0.23 W-m™'-K"!, which closely matches the experimentally reported results of
0.22 W-m™-K™!' [50] and 0.26 W-m™- K [51].

In this study, all MD simulations are performed using the Forcite module of Materials Studio
software package. Although atomistic simulation is powerful, it is performed under idealized
conditions that may not fully replicate real-world material behavior. The experimentally
synthesized DNTs are larger in size than those in simulations and contain different numbers of
Stone-Wales (SW) defects and impurities depending on the process conditions, which can
influence the combination with polymer matrix. Accordingly, the simulation results may deviate
from the experimental outcomes. Besides, various types of functional group could affect the
structural compatibility between DNTs and paraffin wax matrix, which can further alter the
interfacial thermal transport within the DNT reinforced composite. In addition, many existing
studies have demonstrated a variety of experimental techniques related to the functionalization
or surface modification of CNT/graphene [52, 53], the preparation of corresponding composite
materials and the measurement of thermal conductance (e.g. time-domain thermoreflectance
(TDTR) technique) [51, 54, 55]. DNT as an analogue of CNT, the experiment techniques can
offer a valuable foundation for future experiments on DNT/paraffin wax composites. Thus, the
simulation results in current study can be further validated.
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Fig. 1 Atomistic models of paraffin wax nanocomposites with incorporation of DNTs. (a)
Atomic configurations of various DNTs. DNT C is a hydrogenated CNT with chirality of (3,
0) [46], also known as a chiral diamond nanothread structure. CNT has a chirality of (3, 0).
DNT _Z is azigzag diamond nanothread structure [46]. DNT H is a helical diamond nanothread
structure [46]. DNT C-NH> and DNT_ C-CH3 are functionalized nanothread with atoms H on
specific positions of DNT C replaced by amino (-NH2) and methyl (-CH3) groups [31],
respectively. (b) A schematic view of the paraffin wax nanocomposites with incorporation of
DNTs in MD simulations. A steady-state heat flux will be generated by exchanging the velocity
of the slowest atom in heat bath with the velocity of the fastest atom in cold bath. The atomistic
structure of the paraffin wax nanocomposites with incorporation of DNTs is also provided.

In the simulation, non-periodic DNTs with a length of about 20 A are orientated at Y direction

and placed into the center of an empty periodic cell with a size of 20 Ax20 Ax60 A (X x Y x Z).

The polymer chains (CsoHe2) are packed into the cell with a predefined density of 0.89 g/cm?

[49] by using Monte Carlo method. The nanocomposites system is then duplicated along the Z
5
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direction, leading to a final unit cell of 20 Ax20 Ax120 A (X x Y x Z), as shown in Fig. 1(b).
In the beginning, geometry optimization is applied to minimize the energy of the
nanocomposites system by using the Smart algorithm with convergence criteria of
0.005 kcal/mol/A for the maximum force and 0.005 GPa for stress tensors [46]. After the energy
minimization, a 2-cycle annealing process with total simulation time of 200 ps is conducted
under NVT ensemble from 298 K to 800 K via a Berendsen thermostat. The nanocomposites
system is further equilibrated under NPT ensemble at a temperature of 298 K and a pressure of
101 KPa for 200 ps. The van der Waals interactions are described by the Lennard Jones (9-6
form) potential (with a cutoff of 10 A), and the Ewald summation method is employed to treat
the long-range Coulomb interactions with accuracy of 0.001 kcal/mol. A time step of 0.25 fs
which is suitable for thermal transport simulation of polymer nanocomposites [49] is selected
in this work. In addition, the size effect is a critical factor that may influence the obtained
interfacial thermal conductance of composites. As reported by Luo and Lloyd [49], the
interfacial thermal conductance is independent of the composite length in the heat flow
direction (e.g. Z direction in Fig. 1(b)) when the length exceeds 70 A. Building on their findings,
it is found that the interfacial thermal conductance values for DNT C/Paraffin wax composites
are 0.097 GW-m2-K!, 0.104 GW-m?-K"', 0.101 GW-m>-K'!, 0.105 GW-m?-K"' and 0.102
GW-m?2-K! when the lateral dimensions (i.e. Y direction in Fig. 1(b)) are 20 A, 40 A, 80 A,
120 A and 160 A, respectively. These findings confirm that the selected composite system size
of 20 Ax20 Ax120 A in this work is appropriate for the avoidance of size effect.

2.2. Calculation of interfacial thermal conductance

The reverse non-equilibrium molecular dynamics (RNEMD) method is carried out to calculate
the thermal conductivity of nanocomposites system [56]. After the above equilibration under
NPT ensemble, the nanocomposites system is further equilibrated for 250 ps under NVT
ensemble at 298 K to avoid temperature drift. Then, the thermostat is removed and
microcanonical NVE ensemble is conducted for 1000 ps. In this stage, the system is first divided
into 80 layers along the Z direction. The temperature gradient is imposed by exchanging
velocities between atoms in different layers via a Berendsen thermostat [57]. The slowest atom
in heat bath exchanges the velocity with the fastest atom in cold bath at an interval of 0.25 ps,
as schematically presented in Fig. 1(b). The system reacts by flowing energy from the hot bath
to the cold bath. Eventually, a steady thermal transport and a stationary temperature gradient
can be established in the system when the energy exchanged offsets the energy flowing back.
The thermal conductivity (k) of nanocomposites system is generally calculated using Fourier’s
law and expressed as,

k = —Jo/(AT/AZ) (1)

where ], is the heat flux and AT/AZ is the temperature gradient. The heat flux J, can be
computed by the accumulated energy AE during a period of At, and expressed as,

AE = (nlhvh2 - mcvcz)/z (2)
]QZAE/(ZXSXAt) 3)

where S is the cross-section area of the system, m; and m, are the mass in the hot and cold
6
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baths, respectively, v, and v, are the velocity in the hot and cold baths, respectively.
The temperature 7 of ith layer in the system is calculated by,
Ty = (mv;®)/ (3 X ky) 4)

where m; is the mass of atom in the ith layer, v; is the velocity of atom in the itk layer, and
kj, is the Boltzmann constant.

The thermal conductivity is an intrinsic material property for continuous material body. For the
discontinuous interface, the interfacial thermal conductance (G) is generally employed and
expressed as [58],

G = ]Q /ATinterface (5)

where ATipterface 18 the temperature difference across the interface between DNTs and
polymer matrix.

2.3.Calculation of phonon density of states

To better understand the effects of different types of reinforcements on interfacial thermal
conductance, PDOS of DNTs and paraffin wax matrix are calculated for comparison. Here,
PDOS (p(w)) can be obtained via the Fourier transform of the normalized velocity
autocorrelation function (VACF(t)) [59],

p(w) = [*7 eV ACF (t)dt (6)

where the normalized VACF (t) is computed as,

N v (0)v;(1))

VACF (t) = (Z{V:1 v;(0)v;(0)) (7)

in which v;(0) is the initial velocity of atom i, v;(t) is the velocity of atom i at time 7, ()
denotes the time average, and N is the number of atoms in calculated system.

According to Ref. [60], Eq. (6) can be approximately simplified as,

p(w) = Z,IZ;;(Z — 6nCO)AT cos(wn At) VACF (n.At)H(n,) (8)

In the expression, N, represents the number of VACF data, &, ¢ is the Kronecker & function,

w 1is the angular frequency, At is the time interval between two closest VACF data, and n At
is equivalent to the time t. H(n.) is the Hann window function to suppress unwanted Gibbs
oscillation in the calculation of PDOS, and is defined as,

H(n,) = %[cos (”nc) + 1] )

N¢
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Moreover, the interfacial thermal conductance between DNTs and paraffin wax matrix in the
nanocomposites is related to the overlap of their PDOS curves, the peaks in their PDOS curves
and the corresponding frequencies of the peaks. The overlapping factor or the intersection area
(8) between PDOS curves of DNTs and paraffin wax matrix is calculated as,

S =[P(w)dw (10)

where P(w) is the minimum value between PDOS of DNTs and paraffin wax matrix. The
difference between the peaks in their PDOS curves is represented by the intensity matching
score (M), which is expressed as,

Prein(wp)_Pmatrix(wp)
11
Prein(wp)+Pmatrix(wp) ( )

M=1-

in which P,z (wp) and Pmam-x(a)p) are the PDOS peak values of reinforcement and matrix

materials, respectively, and w,, is the corresponding frequency of PDOS peak.
2.4. Density functional theory calculations

The molecular electrostatic potential difference and binding energy between DNT
reinforcement and paraffin wax matrix at the interface are another two important factors that
affect the interfacial thermal conductance. The molecular electrostatic potential and binding
energy between paraffin wax unit and different DNT reinforcements are calculated via DFT
using the DMol® module of Materials Studio software package. In the DFT calculations, the
generalized gradient approximation (GGA) in the form of the Perdew-Burke-Ernzerhof (PBE)
function for the exchange-correlation potential is adopted for geometry optimization and
property calculations, with a double numerical DFT Semi-core Pseudopots basis set with p-
polarization function [61]. In geometry optimization, the energy convergence tolerance of 2x10°
3 Ha, the maximum force of 0.001 Ha/A, the maximum displacement of 1x10~ A, the maximum
iterations of 50 and the maximum step size of 0.3 A are selected. The binding energy is obtained
as,

Ebinding = Lgystem — Erein - Epolymer (12)

in which Egygtem, Erein, and Epgiymer are the total energy of the nanocomposite system,
DNT reinforcement, and paraffin wax polymer, respectively.

3. Results and discussion
3.1. Interfacial thermal conductance in polymer nanocomposites

As mentioned in section 2.2, the interfacial thermal conductance can be determined once a
steady state of dynamic thermal transport in the system is achieved. Fig. 2(a) demonstrates the
evolution of heat flux with time in the nanocomposite system. It can be seen from the figure
that the heat flux in the system achieves a stable state after the first 200 ps. Besides, Fig. 2(b)
presents the temperature profile along the thermal transport direction (Z direction as illustrated
in Fig. 1(b)) when the nanocomposite system reaches dynamic equilibrium. A notable feature

8



1  evident from the figure is the significant temperature jumps observed when the temperature
2 profile crosses the interfacial zones.

(a) (b)
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4 Fig. 2 Heat flux and temperature profile in DNT reinforced polymer nanocomposites. (a)
5  Temporal evolution of heat flux in the system, (b) Steady-state temperature profile in the system.
6 Insetin (a) represents stable energy flux over the last 250 ps. Temperature in (b) decreases along
7 the heat flow direction, indicating the established thermal gradient from heat bath to cold bath.
8  Significant temperature gradients occur in the interfacial zones between reinforcements and
9  polymer.
10  In terms of the calculation of interfacial thermal conductance, the heat flux (J, in Eq. (5)) is
11 calculated as the average of all heat flux values over the last 250 ps, as shown in Fig. 2(a).
12 Concurrently, the temperature difference (ATipterface 10 Eq. (5)) is computed by averaging the
13 temperature discrepancies at the interfaces, as depicted in Fig. 2(b). Finally, the interfacial
14 thermal conductance (G ) can be obtained through substitution of the heat flux J, and
15  temperature difference ATjpterrace into Eq. (5). Thus, a quantitative assessment of thermal
16  transport characteristics at the interface can be provided.
17  Fig. 3 summarizes the interfacial thermal conductance values in polymer nanocomposites
18  reinforced by six types of reinforcements. The six types of reinforcements include CNT,
19  hydrogenated CNT (i.e. DNT C), two geometric variants of DNT C (i.e. DNT Hand DNT Z),
20  and two functionalized variants of DNT C (i.e. DNT C-NH; and DNT C-CH3).
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Fig. 3 Interfacial thermal conductance in polymer nanocomposites with different types of DNTs
as reinforcements. Interfacial thermal conductance increases as the reinforcement transitions
from CNT to DNT C-CHs.

In the figure, the interfacial thermal conductance increases gradually as the reinforcement
changes from CNT to DNT C-CHjs. For the CNT reinforcement, the corresponding interfacial
thermal conductance is 0.048 GW-m?2-K'!, which is also the lowest value among all
reinforcements. This suggests poor thermal conduction between the CNT and paraffin wax
matrix, which can be attributed to weak interface interactions resulting from the lack of surface
functionalization on the CNT. When the CNT undergoes hydrogenation treatment (resulting in
DNT _C), the interfacial thermal conductance increases to 0.097 GW-m™-K"!, which is much
higher than that of the CNT and the second highest among all reinforcements. This indicates
that hydrogenation of reinforcement is an effective way to enhance the interfacial thermal
conduction in nanocomposite system. However, there is another point worth noting here. As
two variants of DNT _C, DNT Z and DNT H exhibit lower interfacial thermal conductance
values of 0.084 GW-m?2-K'! and 0.095 GW-m™-K"!, respectively, compared to DNT_C. It
means that minor structural differences might hinder the optimal performance of interfacial
thermal conductance although hydrogenation treatment is applied. For the functionalized
variants of DNT C, DNT_C-NH; achieves an interfacial thermal conductance of 0.072 GW-m’
2.K!, which is higher than that of the CNT but only the second lowest value among all
reinforcements.

Notably, DNT C-CH3 demonstrates the highest interfacial thermal conductance of 0.115
GW-m?2-K! in Fig. 3, which is approximately 140% higher than that of CNT/paraffin wax
composite and 60% higher than that of graphene/paraffin wax composite [49]. Besides, DNTs
have been regarded as one of the strongest materials comparable to graphene and CNTs, due to
their high Young’s modulus (~1.0 TPa) and exceptional mechanical strength (~130 GPa) [26,
31]. These excellent properties of DNTs could make them viable alternatives to CNTs and

10
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graphene for enhancing the performance of composites. For example, as a phase change
material, paraffin wax has been employed for the thermal protection of electronic devices (e.g.
chipsets) because it can absorb a significant amount of heat during its solid-to-liquid phase
transition due to the device temperature increasing and release the stored thermal energy when
the temperature decreases [54]. However, its application is limited by low thermal conductivity
and poor shape stability. Importantly, the integration of DNTs with good mechanical properties
and enhanced interfacial thermal conductance in paraffin wax matrix not only strengthens the
structural stability but also improves the thermal regulation efficiency of the composite material.

The results show that surface modifications of CNT, such as hydrogenation and
functionalization, enhance interfacial thermal conductance to varying extents. For the CNT
without surface modifications, the surface energy is low. It means weak interaction between the
CNT and matrix, which causes the lowest interfacial thermal conductance. When the CNT is
hydrogenated, the interfacial thermal conductance achieves moderate enhancement, primarily
attributable to the strengthening of interfacial combination between the DNT reinforcement and
paraffin wax matrix. The strengthening arises from the van der Waals or weak hydrogen bond
interactions between the hydrogenated surface of DNT and paraffin wax matrix. It should be
noted that DNT C shows higher interfacial thermal conductance than DNT Z and DNT H due
to slight structural differences, although hydrogenation is effective in improving the interfacial
thermal conductance. Besides the hydrogenation, introduction of functionalization by replacing
a percentage of atoms H in DNT with functional groups, such as the amino (-NH2) and methyl
(-CH3) groups, performs well in improving the interfacial thermal conductance. Prominently,
the methyl (-CH3) group substantially improves the interfacial thermal conductance.

Comparing the microstructural characteristics of DNT C-CHjs, DNT C-NH; and paraffin wax,
it is found that both DNT C-CHj3 and paraffin wax are covered by C-H bonds on their surfaces
while the surface of DNT C-NH; features a combination of C-H and N-H bonds. Detailed
analyses show that the average C-H bond length and H-C-H bond angle in DNT C-CH3 and
paraffin wax atomistic structures are approximately 1.1 A and 110.0°, respectively, while
DNT_C-NH; exhibits average N-H bond length of 1.0 A and H-N-H bond angle near 110.0°.
In addition to the methyl and amino functionalization, the functionalized DNT configurations
with fluorine or hydroxyl groups were predicted to be stable and reliable as well [31]. However,
the introduced new features due to fluorination and hydroxylation, such as C-F and O-H bonds,
are different from C-H bonds in paraftin wax. Obviously, the methyl group and paraffin wax
present a high degree of similarity in microstructure, suggesting that the methyl group can
significantly improve the compatibility between the DNT and paraffin wax matrix. This
improvement reduces interfacial resistance and facilitates heat flow conduction. In contrast, the
polar nature and hydrophilic property of the amino (-NH») group lead to relatively poor
compatibility between the DNT and paraffin wax matrix, which further results in very limited
enhancement in interfacial thermal conductance. On the other hand, different types of DNTs
can also be utilized in other polymers to achieve various superior performances of composites.
For example, several researches have shown that DNT with different topological structures play
crucial roles in enhancing thermomechanical properties of polyethylene (PE) [43], poly methyl
methacrylate (PMMA) [40, 46] and epoxy resin [41].

11
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In addition to thermal properties, the influence of surface modification or functionalization on
mechanical properties should also be considered in practical applications. Existing
experimental studies [51, 54, 62] have demonstrated that functionalized CNT/graphene
reinforced paraffin wax composite materials exhibit good performance under different thermal
or mechanical cycling loads, implying that CNT/graphene shows good structural stability and
durability. DNTs exhibit exceptional mechanical properties comparable to those of CNT and
graphene [26, 31], and functional groups have minimal impact on the mechanical properties
[31]. Thus, it can be inferred that DNT or functionalized DNT and the corresponding paraffin
wax composite may also perform well under different thermal or mechanical loads. However,
different functional groups (e.g. -CHs and -NH:) influence the interfacial structural
compatibility, which may further affect the mechanical stability and durability of DNT/paraffin
wax composites in real-world applications. This can be an important aspect for future
investigation.

Moreover, although DNT C-CHj3 demonstrates a significant enhancement in interfacial thermal
conductance, the practical feasibility of synthesizing this structure is a critical aspect affecting
the real-world applications. Current DNT synthesis technique, which relies on the solid-state
polymerization of benzene, has been well-established for producing high-quality DNTs with
various morphologies [25]. This technique can also be extended to benzene derivatives,
providing a potential pathway for synthesizing methyl functionalized DNTs [31]. Additionally,
conventional functionalization techniques [52, 53] applied to existing DNTs provide an
alternative approach to obtain methyl functionalized DNTs. However, it should be emphasized
that precise control over the functionalization sites is essential in both synthesis strategies to
ensure the structural integrity and desired properties of DNTs, thereby advancing the practical
application of functionalized DNTs.

To reveal the mechanisms underlying the variation in interfacial thermal conductance between
different reinforcements and paraffin wax matrix, their PDOS are compared and analyzed in
the subsequent section.

3.2. Phonon density of states

In the analysis of interfacial thermal conductance, it is of great necessity to compute and
compare the PDOS curves of different materials at the interface. This is because the energy
distribution and frequency characteristics of phonon vibration modes are directly reflected in
the PDOS curve. The interfacial thermal conductance is mainly dependent on the efficiency of
phonon transport across the interface. Not only the physical mechanisms of phonon transport
at the interface can be uncovered but also valuable insights on optimal design of the interface
to enhance the thermal conductance can be provided through comparing the PDOS curves of
different materials.

Fig. 4 presents the comparison of PDOS curves between various reinforcements and paraffin
wax matrix. In the figure, the phonon vibration modes of the six types of reinforcements and
paraffin wax matrix are covered within the frequency range of 0 to 120 THz. The efficiency of
phonon transport across the interface is closely related to the overlap between PDOS curves of
different materials. The larger the overlap between PDOS curves in a specific frequency regime,

12
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the less phonon scattering occurs at the interface, thereby enhancing the interfacial thermal
conductance more. According to Fig. 4, the total PDOS overlap values (or the sum of S; and
S,) for different interfacial material combinations are ranked as follows, 0.318 for CNT/paraftin
wax, 0.351 for DNT C-NHy/paraffin wax, 0.397 for DNT Z/paraffin wax, 0.398 for
DNT _ H/paraffin wax, 0.4 for DNT C/paraffin wax and 0.408 for DNT C-CHzs/paraffin wax.
This sequence is consistent with that of the interfacial thermal conductance shown in Fig. 3.
CNT shows the lowest PDOS overlap value of 0.318 among all reinforcements, which causes
the strongest phonon scattering at the CNT/paraffin wax interface and consequently results in
the lowest interfacial thermal conductance. In contrast, DNT C-CH3 demonstrates the greatest
PDOS overlap value of 0.408, facilitating the most effective phonon transport across the
DNT_C-CHs/paraffin wax interface and thereby achieving the highest interfacial thermal
conductance. It is also found that the PDOS overlap values of DNT-based composite are larger
than that of graphene-based composite [49, 63, 64], suggesting that the efficiency of phonon
transport across the DNT/polymer interface is better than that in other cases. Thus, the best
reinforcement can be determined according to the PDOS overlap for the optimization of
interfacial thermal transport in composites [63, 64].

13



o O~ WN

(a)

‘:.\0.030 T T T T
E — CNT
= 0.025 = — Paraffin wax 7
2 Overlap area
E 0.020
wn
[
S 0.015
£
W
5 0.010
a
=
g 0.005
S
=
A~ 0
0 20 40 60 80 100 120
Frequency (THz
©) quency (THz)
90.030 L e m e
E — DNT_Z
e 0.025 = — Paraffin wax 7
2 Overlap area
E 0.020 =
w2
S
< 0.015 =
£
v
g, 0.010 $,=0.129
€ 0.005 // .
=
s 4
=
A 0 i L:==
0 20 40 60 80 100 120
Frequency (THz
) quency (THz)
_,\0.030 T
E — DNT_C
= 0.025 = — Paraffin wax 7
2 Overlap area
E 0.020 =
N
[
< 0.015 =
£
v
E 0.010 $;=0.282 S,=0.118 -
€ 0.005 ( // .
=
s 4
= L ‘J l‘.'==
A 0 i :
60 80 100 120
Frequency (THz)

~
=3
~

Phonon Density of States (THz™")

~
o
=

Phonon Density of States (THz™")

®

Phonon Density of States (THz™")

0.030

0.025

0.020

0.015

0.010

0.005

0.030

0.025

0.020

0.015

0.010

0.005

0.030

0.025

0.020

0.015

0.010

0.005

1 N 1 N 1 N 1
— DNT_C-NH,
—— Paraffin wax

Overlap area

S,=0.069 =

120

= —— Paraffin wax
Overlap area

=
0 20 40 60 80 100
Frequency (THz)
1 1 1 T
— DNT_H

0 20 40 60 80 100 120
Frequency (THz)
T 1 r 1 5 1 T
— DNT_C-CH;
- —— Paraffin wax n
Overlap area
S5,=0.12 -
/ -
PR [ |
0 20 40 60 80 100 120
Frequency (THz)

Fig. 4 Comparison of PDOS curves of paraffin wax matrix and different types of DNT
reinforcements. (a) CNT/paraffin wax, (b) DNT C-NHy/paraffin wax, (c) DNT Z/paraffin wax,
(d) DNT_H/paraftin wax, (¢) DNT_ C/paraffin wax, and (f) DNT C-CHs/paraffin wax. S1 and
$> quantify the overlapping factors (Eq. (10)) between PDOS curves of DNTs and paraffin wax
matrix across different frequency regimes, 0 ~ 70 THz and 70 ~ 120 THz, respectively.

Moreover, all PDOS curves in Fig. 4 can be divided into two parts, one part is in the low-
frequency region (0 ~ 70 THz) and the other part is in the high-frequency region (70 ~ 120
THz). Generally, the low-frequency phonons with low energy and long wavelengths are
14
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primarily associated with collective lattice vibrations, including longitudinal stretching,
bending, and shearing of molecular chains. Their long mean free paths allow them to travel over
long distances across the interface, which also facilitates effective heat transfer. On the contrary,
the high-frequency phonons with short wavelengths and high energy are mainly related with
localized atomic vibrations, such as the stretching of C-H bonds. Their short mean free paths
make them easily scattered, thus reducing the efficiency of thermal transport. Similarly, it can
be easily found that the low-frequency PDOS overlap (S;) is larger than the high-frequency
PDOS overlap (S,) for different interfacial material pairs in Figs. 4(a ~ f). This further indicates
that the interfacial thermal conductance is mainly dominated by the low-frequency phonon
vibration modes. Therefore, the largest low-frequency PDOS overlap (S;) of 0.288 for DNT C-
CHs/paraffin wax contributes more to the interfacial thermal conductance compared to others.
In addition, the ratios of S; to S, in Figs. 4(a ~ f) are calculated as 3.676 for CNT/paraffin
wax, 4.087 for DNT C-NHy/paraffin wax, 2.078 for DNT_ Z/paraffin wax, 2.317 for
DNT _ H/paraffin wax, 2.39 for DNT_ C/paraffin wax and 2.4 for DNT C-CHj/paraftin wax,
respectively. The ratios for CNT/paraffin wax and DNT C-NH»/paraffin wax are larger than
the other four and even exceed 3.5, which means that the contribution of the low-frequency
phonons to interfacial thermal conductance substantially outweighs that of the high-frequency
phonons compared to the other four interfacial material pairs.

It should also be noted that the high-frequency PDOS overlaps (S,) for CNT/paraffin wax and
DNT _C-NHy/paraffin wax are much smaller compared to the other four material pairs, whereas
the low-frequency PDOS overlaps (S;) for all pairs exhibit relatively minor variations. Due to
the features of high energy, short wavelengths and localized atomic vibrations, the transport of
high-frequency phonons is highly sensitive to the microstructure compatibility in materials.
Differently, the transport of low-frequency phonons is dependent on the overall structure of
materials because of their features of low energy, long wavelengths and collective lattice
vibrations. Therefore, the large high-frequency phonon overlaps for DNT Z/paraffin wax,
DNT H/paraftin wax, DNT C/paraffin wax and DNT C-CHs/paraffin wax in Figs. 4(c ~ f)
represent their relatively high quality of interfacial microstructure compatibility compared to
the CNT/paraffin wax and DNT C-NHy/paraffin wax interfacial compatibilities in Figs. 4(a
and b), which can also enhance the interfacial thermal conductance in some degree.

In addition to the PDOS overlap, the PDOS peak and the PDOS peak position can also influence
the interfacial thermal conductance. The closer the PDOS peaks and their corresponding peak
frequencies, the better the alignment of phonon vibration modes. The intensity matching score
(M in Eq. (11)) equal to 1 and the difference between the corresponding peak frequencies (or
peak positions) equal to 0 THz indicate a perfect alignment. A detailed comparison of the PDOS
peak values and the corresponding PDOS peak positions for the two nearest PDOS peaks in
different frequency regimes, as illustrated in Figs. 4(a ~ f), is summarized in Table 1. It can be
observed that the differences in PDOS peak frequencies for DNT C-CHs/paraffin wax are
below 0.5 THz in both frequency regimes, specifically equal to 0.47 THz in the low-frequency
region and 0.48 THz in the high-frequency region. Correspondingly, the intensity matching
scores are calculated to be 0.95 and 0.94 in the low and high frequency regions, respectively.
Besides, the difference in PDOS peak frequencies for DNT Z/paraffin wax is 0.48 THz in the
high-frequency region and the corresponding intensity matching score is 0.98. Thus, the PDOS
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peaks and their positions in the PDOS curves for DNT C-CHzs/paraffin wax match well in both
the low-frequency region and the high-frequency region, while the two features show good
alignment only in the high-frequency region for DNT Z/paraffin wax. In contrast, the
differences in PDOS peak frequencies for the rest of interfacial material pairs are larger than
1.9 THz in the low-frequency region and 0.7 THz in the high-frequency region, respectively.
Especially for CNT/paraffin wax, the differences are the largest among all cases and reach 9.38
THz and 1.68 THz, respectively. This means that the degree of similarity of phonon vibration
modes is low when the PDOS peak frequencies differ significantly, despite the high intensity
matching score. Therefore, high quality matching of the PDOS peaks and the corresponding
peak positions further contributes to the high interfacial thermal conductance for DNT C-
CHzs/paraftin wax.

Table 1 Comparison of the PDOS peak values and the corresponding peak positions.

Low-frequency regime High-frequency regime
Different (0~ 70 THz) (70 ~ 120THz)
materials PDOS peak PDOS peak  Peak frequency
(THZ) Peak frequency (THz) (THZ) (THz)
CNT 0.017 34.15 0.018 89.46
Paraffin wax 0.02 43.53 0.025 87.78
DNT_ C-NH» 0.012 41.6 0.012 88.5
Paraffin wax 0.019 43.53 0.025 87.54
DNT Z 0.017 39.92 0.027 88.26
Paraffin wax 0.02 43.53 0.026 87.78
DNT H 0.017 40.4 0.027 88.26
Paraffin wax 0.02 43.53 0.026 87.54
DNT C 0.02 41.6 0.025 88.26
Paraffin wax 0.021 43.53 0.026 87.53
* DNT_C-CH3 0.019 43.05 0.022 88.02
Paraffin wax 0.021 43.52 0.025 87.54

* The best matching of PDOS peaks and peak frequencies. All data values in the table are extracted
from Fig. 4.

Based on the analysis of the PDOS overlap and the matching of the PDOS peaks and the
corresponding peak positions, it can be qualitatively concluded that the interfacial property
between reinforcements and paraffin wax matrix plays a crucial role in determining the
interfacial thermal conductance. In the following section, a quantitative analysis of the impact
of interfacial microstructures is further conducted by using DFT calculations.

3.3. Molecular electrostatic potential and binding energy

The interaction mechanisms between different reinforcements and paraffin wax can be
elucidated by analyzing their molecular electrostatic potential distributions and binding

energies, which can further provide insights into the variations in interfacial thermal
16
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conductance. In the DFT calculations, the length of paraffin wax section is close to that of DNTs,
which is about 20 A. Based on DFT calculations, Fig. 5 presents the molecular electrostatic
potential distributions and the corresponding binding energies of the DNT C-CH3/paraffin wax,
DNT _C/paraffin wax, DNT H/paraffin wax, DNT Z/paraffin wax, DNT C-NHz/paraffin wax,
and CNT/paraffin wax molecular systems.

(b)
DNT_C-CH;, 4.7
DNT _C 4.62
DNT _H
EESSRTL
7. ‘ . DNT Z 4.04
2% & AN
ﬂNNN
DNT_C-NH, 3.38
CNT 3.06
0 1 2 3 4 5

Binding energy (kcal/mol)

Fig. 5 DFT calculations of interface between different DNT molecular structures and polymer
chain. (a) Molecular electrostatic potential distributions of the DNT C-CHzs/paraffin wax,
DNT _C/paraffin wax, DNT H/paraffin wax, DNT Z/paraffin wax, DNT C-NHz/paraffin wax,
and CNT/paraffin wax molecular systems, (b) The corresponding binding energies of the
molecular systems. The binding energy increases as the reinforcement transitions from CNT to
DNT_ C-CHs. The colors gray and blue in figure (a) represent the positive and negative
potentials with iso-surface value of 0.01, respectively.

In Fig. 5(a), the molecular electrostatic potential maps represent the atomic charge distributions
in the molecular systems, from which the interfacial interaction mechanisms can be uncovered.
Different atomic electronegativity differences lead to variations in electron density, which can
further influence the molecular electrostatic potential distribution. Besides, the interactions
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between charges are dependent on the molecular configurations, which also affects the
molecular electrostatic potential distribution.

For the CNT/paraffin wax molecular system, due to the high electronegativity carbon atoms
bonding with the low electronegativity hydrogen atoms in the paraffin wax molecular structure,
the hydrogenated carbon atoms can only attract partial electrons, leading to small negative
molecular electrostatic potential regions. Meanwhile, the hydrogen atoms exhibit low electron
density, which results in positive molecular electrostatic potential regions. Similarly, the high
electronegativity of the unhydrogenated carbon atoms causes maximal electron density,
inducing pronounced negative molecular electrostatic potential regions in the middle section of
the CNT and the hydrogen atoms with low electronegativity exhibit minimal electron density,
creating large positive molecular electrostatic potential regions at two ends of the CNT. In the
CNT/paraffin wax molecular system, electrostatic interactions exist between the negative and
positive molecular electrostatic potential regions. However, the imbalanced electrostatic
interaction due to the spatially uneven molecular electrostatic potential distribution can result
in poor adhesion between the CNT and paraffin wax molecular structures, ultimately leading to
the lowest interfacial thermal conductance of the CNT/paraffin wax composites, as shown in
Fig. 3. Comparing the molecular electrostatic potential distributions of the DNT C/paraffin
wax, DNT H/paraffin wax and DNT Z/paraffin wax molecular systems, the impact of
configuration variations in different DNTs on the potential distributions can be clearly
demonstrated. The DNT C/paraffin wax molecular system exhibits comparatively good
molecular electrostatic potential distribution. This facilitates strong interfacial adhesion and
leads to a relatively high interfacial thermal conductance of the DNT C/paraffin wax composite.
For the DNT C-NHy/paraffin wax molecular system, introduction of the amino (-NH>) groups
introduces localized strong negative molecular electrostatic potential regions around the
nitrogen atoms, as nitrogen atom possesses higher electronegativity compared to carbon and
hydrogen atoms. This causes unevenly distributed electrostatic interactions between the
DNT_C-NH2 and paraffin wax molecular structures, which is detrimental to their interfacial
combination. Consequently, the DNT C-NH2/paraffin wax composite exhibits relatively low
interfacial thermal conductance shown in Fig. 3 due to the unfavorable molecular electrostatic
potential distribution.

Interestingly, relatively rough molecular electrostatic potential surfaces around DNT and
paraffin wax molecular structures can be observed, as shown in Fig. 5(a). These rough surfaces
can partially interlock with each other, restricting the relative motion between DNT and paraffin
wax molecular structures. The restriction enhances the interfacial combinations between
molecular structures, which facilitates the improved interfacial thermal conductance. Hence,
the interfacial thermal conductance values of the DNTs/paraftin wax composites are larger than
that of the CNT/paraffin wax composite. Furthermore, it is worth mentioning that the
introduction of methyl (-CH3) groups results in slightly negative molecular electrostatic
potential regions around them. This further optimizes the molecular electrostatic potential
distribution of the DNT C-CHzs/paraffin wax molecular system and strengthens the electrostatic
interactions between the DNT C-CH3 and paraffin wax molecular structures. The enhanced
electrostatic interactions and the interlocking of rough molecular electrostatic potential surfaces
greatly improve the interfacial compatibility between the DNT C-CH3z and paraftin wax
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molecular structures, which can facilitate more effective phonon transport across the interface.
Therefore, the DNT C-CHs/paraffin wax composite shows the highest interfacial thermal
conductance among all composite systems in this study, as demonstrated in Fig. 3.

Fig. 5(b) further presents the binding energies of different molecular systems. The CNT/paraffin
wax molecular system exhibits the lowest binding energy of 3.06 kcal/mol, which also indicates
the lowest quality of interfacial combination between the CNT and paraffin wax molecular
structures. Hydrogenation in DNT C, DNT H and DNT Z increases the binding energy with
the paraffin wax structure, despite the differences due to their structural variations. In addition,
the DNT C-NH2/paraftin wax molecular system shows relatively low binding energy of 3.38
kcal/mol due to the introduction of polarized amino (-NH>) groups. In contrast, the introduction
of methyl (-CH3) groups leads to the highest binding energy of 4.7 kcal/mol between the
DNT C-CHj3 and paraffin wax structures, which is 54% greater than that of the CNT/paraffin
wax molecular system. It should also be noted that the binding energy increases progressively
as the reinforcement transitions from CNT to DNT C-CH3, which closely mirrors the variation
in interfacial thermal conductance illustrated in Fig. 3. This consistency arises because the
binding energy represents the quality of interfacial combination, which directly influences the
interfacial thermal conductance. Therefore, the interfacial thermal conductance is significantly
influenced by the synergistic effects of molecular electrostatic potential distribution and
interfacial binding energy of the composite molecular systems. On the other hand, the consistent
increase trend between the binding energy and the interfacial thermal conductance indicates
that the binding energy positively correlates with the phonon transport efficiency in current
study. However, it is important to emphasize that the positive correlation does not hold all the
time and may vary based on specific conditions and material properties, as reported by Chen et
al. [55].

4. Conclusions

In this work, MD simulations and DFT calculations are conducted to systematically investigate
the interfacial thermal conductance between various reinforcements (i.e. CNT, DNT C,
DNT H, DNT Z, DNT C-NH: and DNT C-CH3) and paraffin wax matrix in the
nanocomposite materials. The goal is to uncover the fundamental physical mechanisms that
govern the interfacial thermal transport properties, providing valuable insights for enhancing
thermal management systems. Through MD simulations, it is demonstrated that specifically
tailored hydrogenation and functionalization of the reinforcements can enhance interfacial
thermal conductance to varying degrees, depending on the type of the modifications applied.
The CNT/paraftin wax exhibits the lowest interfacial thermal conductance. DNT, obtained
through the hydrogenation of CNT, improves the interfacial thermal conductance, but the
degree of improvement varies due to the distinct morphologies of DNT C, DNT H and DNT Z.
Surface functionalization of DNT by introducing methyl (-CH3) and amino (-NH») groups
affects the interfacial thermal conductance as well. Notably, the DNT C-CHjs/paraffin wax
presents the highest interfacial thermal conductance, surpassing the CNT/paraffin wax by 140%
and outperforming the graphene/paraffin wax by 60%.

Comparing the PDOS curves of different reinforcements and paraffin wax matrix, it is found
that the DNT C-CHjs/paraffin wax demonstrates superior performance in terms of the PDOS
19
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overlap, the PDOS peak intensity matching, and the PDOS peak position matching compared
to other composite systems. The superior performance represents more effective phonon
transport across the interface, leading to an increase in interfacial thermal conductance. A
further comparison of the PDOS overlaps in low-frequency (0 ~ 70 THz) and high-frequency
(70 ~ 120 THz) regions reveals that the interfacial thermal conductance is predominantly
affected by the low-frequency phonons. DFT calculations show that the introduction of methyl
(-CH3) groups in the DNT C-CHzs/paraffin wax molecular system optimizes the molecular
electrostatic potential distribution, thereby strengthening the electrostatic interactions. The
enhanced electrostatic interactions, the interlocking of rough molecular electrostatic potential
surfaces, and the highest binding energy collectively make the molecular system more stable.
This indicates strong interfacial adhesion in the DNT C-CHzs/paraftin wax composite, which
effectively promotes the highest interfacial thermal conductance among all composites in this
study.

This study provides valuable insights into the role of surface modification in enhancing
interfacial thermal conductance. Specifically, the substantial increase in interfacial thermal
conductance observed for the DNT C-CHzs/paraftin wax highlights its potential for researchers
in designing composite materials with enhanced thermal performance to meet the demands of
modern thermal management systems. Future work should focus on systematic exploration of
mechanical properties such as long-term stability and durability of the composite using
atomistic simulations and experimental techniques. Thus, a more comprehensive understanding
of how functionalization and surface modifications influence both thermal and mechanical
properties can be provided for the further optimization of composite materials.
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