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Abstract

We elucidate a significant thermal rectification effect in molecule bridges (MBs) that covalently
bond gold and carbon nanotubes (CNTs) by non-equilibrium molecular dynamics (MD)
simulations. Remarkably, we find asymmetric heat flux across these MBs, resulting in significant
thermal rectification. Thermal rectification ratios are found to decrease with the number of the
MBs and increase with the lengths of CNTs, reaching a value of as high as 3.75. In addition, the
calculations show that the thermal conductances vary with orientation of the crystal planes of Au,
the number of molecular bridges, and the length of the CNTs. They are in a range of 40-250 MW
m2K-!, agreeing well with the reported experimental results. Detailed analysis suggests that the
thermal rectification can be attributed to the mismatch of vibrational modes between neighboring
sulfur and carbon atoms in the MBs. This discovery could provide theoretical guidance in
designing molecular thermal diodes, paving new routes to potential applications in nanoscale
heat manipulation, waste energy harvest, chip cooling, and molecular phononics.
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1. Introduction

A thermal diode is an elementary device that enables sophisticated manipulation of heat, i.e.
making heat flow preferentially in one direction [1-4]. It was proposed as foundation for a wide
range of applications in thermal logic circuits [5], phononic computers [6], thermal regulation of
buildings, and heat engines. Motivated by these many potential applications, researchers have
proposed a variety of methods for constructing different types of thermal diodes for many years.
A straightforward approach is to connect two materials with different temperature-dependent
thermal conductivities. However, an extremely large temperature gradient is required to obtain a
rectification ratio (R) of just 0.5. This is because the thermal conductivity usually has a weak
temperature dependence [7, 8]. Phase change materials were also harnessed to make a thermal
diode with a larger R (up to 1.20) when a relatively smaller temperature gradient is present [9].
But associated issues are the slow phase change and the limited range of working temperatures,
thus hindering practical applications. Besides these traditional approaches, researchers reported
other unusual methods by employing convection (thermosyphon) [10], temperature dependent
electromagnetic resonances [11], magnetic field control of nanofluids [12] or thermal
expansion/contraction [13, 14]. Nevertheless, all these approaches have problems, such as slow
response, difficulty of system miniaturization, or complexity of system structures. An important
way forward may be to use nanoscale devices and associated transport phenomena to obtain
small size thermal diodes, which may enable novel phononic applications.

Recent advances in nano-materials and nanotechnology have in fact made fabrication of
thermal diodes at micro/nanoscales possible, which affords new revenues to high-efficiency
thermal diodes [15, 16]. In this regard, a solid state nanoscale thermal diode (SSNTD) is needed
due to its potential durability, a fast response, miniaturization, and possibility for large scale

integration. To fully realize these advantages, fundamentally understanding the rectification



mechanisms at the small scales becomes critical. There have been several proposed models,
including those based on asymmetric geometry of nanostructures [17-22], asymmetric coupling
with thermal contacts [23, 24], and asymmetric onsite potential of particles [25], and a model of
one-dimension (1D) particle chains with gradient mass distribution. This latter one has been
proposed to achieve R of several hundred [1, 25-27]. That arises because a large mass gradient
can cause a large phonon mismatch and resulting asymmetry between heat flow in forward and
backward directions [26]. However, this mechanism is based on an ideal model, lacking
characteristics based on a real material system.

Recently, a gold (Au)-carbon nanotube (CNT) system that is chemically bonded by
molecular bridges (MBs) was experimentally demonstrated [28]. It was found that the MBs
significantly enhanced the interfacial thermal conductance between Au and CNTs. However, no
thermal rectification was observed in that work. The reason could be the small temperature
gradient applied on the systems. Given the significant mass gradients formed between Au and
the MBs or inside the elements of the MBs, we hypothesize that this system could be a suitable
prototype for a practical realization of the 1D mass-gradient system to achieve thermal
rectification. To test this hypothesis, we used NEMD simulations to explore the possible thermal
rectification effect. The results show that the interfacial thermal conductance can be significantly
enhanced by these MBs. Importantly, we find that asymmetric heat flux across this system can
occur, resulting in a thermal rectification ratio that can exceed 3.75. Detailed spectral analysis
reveals that the rectification is mainly contributed by the vibrational mismatch between the S and
its neighboring C atoms in the MBs. Interestingly, although the Au - sulfur bond has a larger
mass difference, the corresponding vibrational modes are not strongly mismatched, presumably
due to the coordination of Au, which is not in the 1D chain. Our study further validates the

conclusion from the prior theoretical works, which show that 1D mass gradient systems would



cause vibrational mismatch for the thermal rectification, and provides a practical example. This
discovery may pave the way to experimentally realizing the thermal diodes with large
rectification ratios, which possess promising applications in nanoscale heat manipulation [15],
waste energy harvest [29, 30], chip cooling [31], and molecular phononics [32].

2. Methods

2.1 Simulation details and model setup

NEMD simulations were implemented by the LAMMPS package [33], which are powerful
tools to study the nanoscale heat transfer [34]. The simulation systems are consisted of Au,
CNTs, and MBs. The lattice parameter of Au crystal is 408.72 pm. Different crystal planes were
investigated to explore their effects on the interfacial thermal conductance. The Au crystals are
formed of unit cells (x x y x z) with number of 6 x 6 x 10, 7 x 10 x 10, and 8 x 5 x 10 for (1 0 0),
(1 10)and (11 1) planes, respectively. This choice results in similar surface areas in x-y plane
and consistently 20 atomic layers in the z direction.

An equilibrium carbon bond length (144.5 pm) of CNT obtained after relaxation of the
structure was used to build the models. It is consistent with the value obtained from our previous
work [35]. A unit cell of CNT with (10, 0) chirality was generated by TubeGen 3.4 [36]. Then
the unit cell with a length of 433.5 pm was extended to obtain CNTs with various lengths of Lent
=10 nm, 50 nm and 100 nm for the systems. The open-ended CNT has the radius of » = 399.6
pm. Periodic boundary conditions were applied in all three Cartesian directions. In order to
eliminate the interaction between periodic images, 15 nm vacuum spaces were set on the left
hand side of the Au crystal and on the right hand side of the CNTs. In the simulations, an
external force of Fp = 8.26 pN was applied to the right end of a CNT in longitudinal axis
direction to avoid the CNT to be pulled toward the Au crystal surface. The force was tested to

ensure formation of stable peptide bonds.



2.2 Calculation on interfacial thermal conductance
The interfacial thermal conductance in both directions was calculated. To obtain the
temperature profile, each system was equally divided into segments with length of 0.2 nm. The

temperature of each segment was calculated using average kinetic energy of the atoms:

1
T,= %N va,z , where Tj is the local temperature of segment j, N; is the number of atoms in
B ieS,

the segment, m is the atomic mass, V; is the atomic velocity, and kj is the Boltzmann constant.
The temperature drop, A7, across the MBs, was calculated using the edge temperature of Au and
CNT at the interface by linearly fitting of temperature profiles on both sides.

In all the simulations, three main steps were applied: initialization, equilibration, and heat
flux imposing. The time step is set for 0.1 fs for initialization and equilibration steps, and 0.2 fs
for heat flux imposing step. First, the systems were initialized in NVT ensemble (Constant
number of particles (N), volume(V) and temperature (T)) at 400 K for 0.1 ns followed by
covalently bonding Au and CNT by S-Au bonds [28]. After initialization, the system is
equilibrated in NVT at 300 K for 0.2 ns and then in NVE ensemble (Constant number of
particles (N), volume (V) and energy (E)) for another 0.2 ns. The average Au-S bond lengths
were measured to be 0.28 nm after these two steps, compared to 0.3 nm at the initialization,
showing the stability of our system. Then the heat flux, O, was applied in forward or backward
directions to all systems. The heat flux was imposed following Ikeshoji and Hafskjold’s method [37].
The velocities of atoms in the hot bath and the cold bath were scaled according to the energy change rate
at each time step. The total momentum was kept unchanged during this process. Q is varied from 1.328
to 13.28 nJ to ensure the temperature drop, AT, across the Au/CNT interface in the range of 30 K
to 100 K. The systems were then simulated for 2 ns until they reached the steady state, which is

defined by the fluctuation of average AT less than 5%. Then another 6 ns simulation was used to



average the temperature profile. Consequently, the interfacial thermal conductance, K, across the
MBs is given by: K = KQT’ where A4 :ﬁ(r+5/2)2. o is the thickness of CNT walls, which is

0.335 nm. It is defined as the cross-section area of a CNT projected to the Au surface. Note that
this definition can well reflect the thermal conductance based on the occupied surface area,
which is identical to the case in experiment [28]. Several factors affecting the interfacial thermal
conductance, including the Au lattice planes, MB numbers (reflecting the bond quality), and
CNT lengths were studied. We also investigated the thermal rectification phenomenon by
imposing reversal heat flux to these systems. In this situation, Q is set as exactly the same value
in both directions to ensure the proper definition of rectification ratio. The conductance, K+ and
K- were calculated to obtain R, which is defined as R=K+/K—1.
2.3 Study of vibrational properties and evolution of structures

To get more fundamental insights on the mechanism of thermal rectification in our models,
the vibrational spectral density (VSD) of atoms and components from the system in both heat

flux directions were calculated. The VSD were extracted from discrete Fourier transform of the

T

velocity autocorrelation function: D(w) =I <v(0)-v(t)> exp(—iwt)dt, where D is the spectral

0
density at the frequency w and (v(0) - v(t)) is the correlation function of atomic velocities. In
this work, the atomic velocities at two directions were collected in 0.2 ns under NVE after the
systems reached the steady states. To quantify the degree of overlap of the VSD between atoms
or components in the systems, the cumulative correlation factor (CCF) introduced by Li et al. [38]
and Zhang et al. [39] was used to represents the match-mismatch degree of vibrational modes

|, 2(o)D,()do

among them. In this work, the CCF is defined by M, (®,)=— P , where i and j
IO Di(a))da)J‘O D, (w)dw

represent individual groups of atoms, and M(ws) is the CCF of PDOS below a specific frequency,



ws, between i and j. When comparing the CCFs in each system at the two opposite directions, we
normalized them by dividing M(ws) by M(o).

To investigate whether the atom locations and bonding conditions contribute to the thermal
rectification, we traced the average atoms positions. The pair radical distribution function (RDF)
was then calculated to afford insight into structure features related to thermal rectification. The

dn. (L
RDF is defined as g”(L):ﬁ’ where L is the distance, dnjj is the number of j* type of

atom at a distance between r and r + dr from a i type of atom, p is the number density of i type
atoms. The peaks of RDF reflect the average bond lengths and the FWHM of corresponding
peaks reflect the fluctuation amplitude of bonds, which are related to the stiffness of bonds and

local temperature.[35, 40]

3. Results
3.1 Study of interfacial thermal conductance through MBs

All the NEMD simulations were based on the ReaxFF potentials [41, 42], which we have
previously used to successfully predict the thermal conductivity of CNT, graphene, and 2D
carbon nitride polymers [35, 40]. The parameterized ReaxFF potential is able to describe the
interactions between carbon and various elements such as H, N, O, S, and Au [41]. Thus, it
brings new opportunities for studying the heat transfer process at the interface of CNTs and Au
bonded by the MBs (Fig. 1a). The models built here follow the previously reported experimental
systems [28]. A MB (-CO-NH-CH,—CH>-S-) is formed by reaction of a cysteamine molecule
[NH2(CH2)>SH] with a CNT and an Au crystal. One end of the MB is bonded to the CNT which
is functionalized by a carboxyl group. Thus, it can be reacted with an amine group in the
cysteamine molecule to form a peptide bond (Fig. 1b). To ensure a covalent bond, the distance

between Au surface and the S atom was validated to be 3 A. The other end of the MB is bonded



to an Au crystal plane via a sulfur-Au bond (Fig. 1¢). In the simulations, (1 0 0), (1 1 0) and (1 1
1) planes of the Au crystals were employed to study their effect on the thermal transport (Fig. S1

[43]). Details of system construction are given in the Methods section.

G, G NG
MB: -S-(CH,),-NH-CO-

Figure 1. (a) Schematic of a simulated system consisting of Au and a CNT connected by a
molecule bridge (MB); heat flows across the MB from Au to the CNT in the forward direction or
from the CNT to Au in the backward direction. Red and blue areas denote the heat bath regions;
the gray shadow areas on both ends denote the boundary of the system. (b) Detailed view of a
MB (-S-(CHz)>-NH-CO-). One end of the MB is bonded to a CNT through a peptide bond. The
other end is bonded to Au lattice through S-Au bond. (c) A schematic of Au/CNT interfaced via

two MBs.

We first studied the interfacial thermal conductance (K) on all of the constructed Au/CNT

systems, which have different Au crystallographic lattice planes, CNT lengths, and different



numbers of MBs. Fig. 2a shows a representative temperature profile of one of these systems. The
system consists of CNT with 100 nm, one MB, and Au crystal with (1 0 0) plane. A temperature
drop, AT, can be used to calculate the interfacial thermal conductance (see Methods). Simulation
on a control system of Au/CNTs without MBs results in an infinite 47, indicating zero K. With
just a single MB, AT is significantly reduced to ~60 K with a heat flux Q=0.032 eV/ps=5.12 nJ,
resulting in an interfacial thermal conductance of 85 MW m?2 K-! (See Methods 2.2). As the
number of the MB increases, the calculated K is greatly enhanced (Fig. 2b), as may be expected.
For instance, it increases from 85 MW m2 K-! to 210 MW m™ K-! when the number of MB
increases from one to three MBs in the systems with the 100 nm CNTs. This conclusion agrees
well with the experiment [28]. and corresponds simply to the statement that K strongly depends
on the bonding quality, in other words, the number of real bonds. It can be varied from 30 MW
m2 K! for poor bonding to 360 MW m2 K-! for very good bonding [28]. Moreover, Fig. 2b
shows that K is also greatly affected by the CNT lengths. As the length of CNTs for the systems
consisting of 1 MB, 2 MBs and 3 MBs increases from 10 nm to 100 nm, K is increased by 110%,
60% and 35%, respectively. This increasing K with the length reflects the one-dimensional (1D)
nature of the CNTs. Chen et. al. demonstrated that in a superlattice K is not merely an intrinsic
property of the interface but also positively correlated to the phonon mean free paths (MFPs) of
materials in the interfaces [44]. In the ballistic thermal transport of 1D nanosystems, the effective
MFPs are greatly determined by the lengths of CNT [21, 45]. For example, based on the
Matthiessen law for diffusive-ballistic transport [45, 46], the effective MFP of CNT, Aefr, can be

expressed as 1/ A =1/, +1/ L, where Ais the intrinsic MFP and L is the length of CNT. Our

previous MD work showed the intrinsic MFP of CNT is 442 nm based on the current potential
we adopted [35]. The resultant effective MFPs for 10 nm, 50 nm and 100 nm CNT are 9.78 nm,

44.9 nm, 81.5 nm, respectively. Thus a longer CNT leads to a longer MFP, which is beneficial to



the heat transfer through the interfaces. The results provide another example of nanoscale
systems showing the nonlocal behavior of interface thermal conductance [47]. Fig. 2¢ shows that
the particular crystallographic plane of the Au also affects K. The system built with (1 0 0) Au
lattice plane has the highest K of ~ 165 MW m2K-!, which is 44% higher than that of system
built with the (1 1 1) Au lattice plane. In the following simulations, unless specifically indicated,

all the results are reported based on systems built on the (1 0 0) Au lattice plane.
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Figure 2. (a) A representative temperature profile for a system built with (1 0 0) Au
crystallographic lattice plane, a single MB, and a CNT with Lcnt = 100 nm. (b) Interfacial
thermal conductance as a function of number of the MBs and lengths of the CNT. (c) Interfacial
thermal conductance as a function of Au lattice planes for systems built with three MBs and

CNTs with Lent = 10 nm.
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3.2 Thermal rectification

To investigate thermal rectification effect of the Au-MB-CNT systems, we performed
NEMD simulations by applying heat flux in two opposite directions. Fig. 3a-b show the obtained
K from systems built with 10 nm and 50 nm CNTs and 1, 2, and 3 MBs in the forward and
backward heat flux directions. We find that K for the forward direction (K +) are much larger
than those for the backward direction (K-) for systems with the same number of the MBs,
showing the thermal rectification effect. Both forward and backward K increase with the number
of the MBs, but R decreases with increasing number of the MBs. For example, it is reduced from
1.2 for the system with one MB to 0.59 for the system with three MBs (Fig. 3a). As the length of
the CNT increases from 10 nm to 50 nm, R increases to 3.75 for the system with one MB and
3.15 for the system with three MBs, respectively. It is intriguing to explore whether this trend
still holds for more MBs, or larger CNT sizes. These effects are to be studied in future work to
provide more systematic and comprehensive understanding on these phenomena. Recently, Ma
and Tian simulated tapered bottlebrush polymer by MD and obtained R with a maximum value
of 0.7 [21]. Similar length dependent R was observed in their work, which was attributed to the
ballistic transport. Considering that the models are based on experimentally synthesized systems,

our simulation results are very promising for realization of future practical thermal diodes.
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Figure 3. (a, b) Forward and backward interfacial thermal conductance and rectification ratio, R,
of systems built with the same CNT but different numbers of MBs; (a) Lcnt= 10 nm, (b) Lent=
50 nm. Cumulative correlation factor (CCF) of VSD (c) between Au and CNT, (d) between S
and C; atoms (see Fig. 1b) for systems built with Lcnt= 10 nm CNTs and 1 MB and 3 MBs,

respectively.

Vibrational behavior can be described by spectral functions determined from the velocity

autocorrelation. Here we use a local vibrational spectral density (VSD), extracted from the
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D(w)= IOT<V(O) : v(t)>exp(—ia)t)dt

Fourier transform of the velocity autocorrelation function, ,
where D is the spectral density at the frequency w and (v(0) - v(t)) is the correlation function of
atomic velocities. This is convenient because we are dealing with non-diffusive transport, where
there is a steady state but a local equilibrium cannot be assumed. Theory indicates that the
mismatch of vibrational modes between two lattices or atoms can cause thermal rectification.[1,
3, 26] In a molecular system, different atomic weight of each atom or component may cause
mismatch of their vibrational modes. For instance, in our simulated systems, in the forward heat
flux direction (Au to CNTs), the atomic weights of main atoms—Au (196)-S (32)-C (12)-
decrease in sequence in a very short distance (~5 A), which leads to a significant mass gradient.
To test the hypothesis that such a mass gradient can result in a thermal rectification effect, we
calculated the local VSD of the different components in the systems, including Au lattices, CNT,
and S, C, N, O atoms in the MBs in the forward and backward heat flux directions. The VSD for
hydrogen atoms are not shown. We denoted the three C atoms in the MBs as Ci, Cz, and C; (Fig.
1b). In contrast to previous work that qualitatively compares the phonon density of states (PDOS)
[26, 48]. we used a cumulative correlation factor (CCF) [39] to quantify the degree of overlap
between the VSD of two components or two atoms in the systems when the heat flows in
opposite directions. Here, the CCF is calculated following the method proposed by Li et al. [38]
and Zhang et al.[39] (see Methods). Since the thermal transport is mainly contributed by the low-
frequency modes [45]. a smaller CCF at low frequency range means a larger mismatch, resulting
in a lower interfacial thermal conductance (K) in that direction. Thus, a larger difference of CCFs
in the forward and backward heat flux directions indicates a larger difference in K, leading to a
larger thermal rectification ratio.

Here we calculated the CCFs between all possible configurations of atoms in the systems to

elucidate the dominant rectification sites in the MBs. As shown in Fig. 3¢, the CCFs of the local
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VSD between Au and CNT in the systems with one and three MBs are quite similar in the
forward and backward directions, showing a small degree of mismatch of vibrational modes
between them. This excludes attribution of the thermal rectification to vibrational mismatch of
Au and CNT. Besides, we also calculated individual CCFs of the local VSD between Au and S,
S and Cj, C; and N, N and C;, C3 and CNT atoms (Fig. S2-S4 [43]). They all show little
difference in the forward and backward directions. Surprisingly, the CCFs between S atom and
C; atom in opposite heat flux directions have large differences (Fig. 3d). The CCFs in the
forward direction are higher than those in the backward direction, indicating a better vibrational
matching in the forward direction than that in the backward direction. This explains why the
interfacial thermal conductance in the forward direction is larger than that in the backward
direction, leading to thermal rectification.

The local VSDs are also plotted (Fig. S5 and S6 [43]). Fig. S5 confirms that the VSD
between Au and CNT does not change much with the heat flux direction. However, the overlap
of the VSD between S and C is clearly seen to be larger in the forward heat flux direction than
in the opposite direction (Fig. S6). The different CCFs of local VSD between S and C; are
caused by a large gradient of atomic masses in the MBs. Moreover, the difference of the CCFs in
the system with 1 MB is larger than that of the system with 3 MBs, which is consistent with the
results showing that the rectification ratio in the 1-MB system is larger than that in the 3-MBs
system (Fig. 3a, b). These results validate the hypothesis that the thermal rectification is due to
the mismatch of vibrational modes between atoms in a single MB. It is intriguing that the Au and
S have quite different atomic weights, but they contribute little to the thermal rectification. In all
previous theories [26, 27], the mass gradient generates thermal rectification only in 1D systems.

In this simulation, the Au atoms are in a form of a bulk crystal plane. Therefore, the mass

15



gradient between S and C; atoms in the 1D chain contributes to the thermal rectification while
the Au-S bond does not.

Another cause of the vibrational mismatch when the forward and backward heat fluxes are
applied could arise from the change in atom locations, i.e. thermally induced structural change.
In this regard, we also calculated pair radical distribution function (RDF) of S-C; atoms in the
forward and backward directions. This reflects the key structural information of MBs during the
heat transport. The calculations were based on the systems with 10 nm-CNT and 1-, 2-, 3-MBs
(Fig. 4). The peak positions represent the equilibrium bond lengths of S-C;. The average bond
lengths are barely changed. As summarized in Table S1 and S2, the S-C; distances change less
than 0.01 A between heat fluxes in the forward or backward directions. Therefore, we conclude
that the rectification cannot be attributed to the structural change of the MBs. Nevertheless, we
found an observable change of full width at half maximum (FWHM) for the peaks related to the
S and C; atoms. The peak appearing at around 0.2 nm corresponds to the S-Ci bonds. The
FWHM of this peak in forward condition is smaller than that in the backward condition by 17%,
27% and 20% for the systems with 1 MB, 2 MBs and 3 MBs, respectively. In contrast, the Au-S
bonds do not show such an apparent peak shift or variations in FWHM in different heat flux
directions (Fig. S7 [43]). This is consistent with the different VSD for the different heat flow
directions and in particular the local potential energy reflected in the FWHM is different, and

therefore the local kinetic energy must also be different.
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4. Conclusion

We used the NEMD to investigate the thermal transport across the Au-CNT interfaces
coupled by molecular bridges. We found that the interface thermal conductance depends on the
Au crystallographic orientation, increases with the number of molecular bridges and the length of
the CNTs. Importantly, we find significant thermal rectification in these systems. These
phenomena can be well explained by a mass gradient model, which can explain the vibrational
mismatch of the S-C; bond in the MB in the forward and backward heat flux directions. We
demonstrate the contribution to the thermal rectification by quantification of the degree of
mismatch of the local vibrational spectral densities (VSDs). Finally, the change of FWHM of S
and C; atoms in the calculated RDFs further validates such conclusion from a different
perspective. We envision that our work would stimulate further experimental work on thermal
rectification in nanoscale MB systems. In this work, only the phonon contribution to thermal
transport was considered due to the limitation of MD simulation. In real devices, the electron
could also contribute to the thermal transport across the system and affect the thermal
rectification ratio. This issue is to be studied in future work using experiments or ab initio MD

simulations which include the contribution of electrons.
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