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Impact statement

Carbon-based low-dimensional materials exist as
chains and rings af the nanoscale that have great
potential for application in nanodevices. However,
some of these nanoscale structures are reactive on
substrates and lose their properties. We investigate
the mechanical and thermal properties of the low-
dimensional structures of a chain of carbon atoms
known as carbyne, carbyne and cyclo[18]carbon
hybrids, and encapsulation of these inside carbon
nanotubes fo test their stability on Cu(111) substrate
acting as an electrode. The carbyne and cyclo[18]
carbon hybrids are found to display high mechanical
properties during tensile studies, and cyclo[18]carbon
is determined to be able to withstand higher strains.
The deformation mechanisms of cyclo[181carbon
hybrids o different strains are also uncovered. An
isolated carbyne chain was found to have the highest
thermal and mechanical properties of the structures
investigated, which s further established on a Cu sub-
strate compared to other low-dimensional structures
studied here.
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Mechanical and thermal properties
of carbon-based low-dimensional
materials

Abigail L. Eaton, Marco Fielder, and Arun K. Nair*

Carbon-based low-dimensional materials possess many properties that make their
implementation in nanodevices a subject of great interest. With these impressive
transport and mechanical properties, one such use includes its use as a component
of a Cu-based electrode. To investigate the applicability of a carbon chain (carbyne)
in comparison to other carbon allotropes, including cyclo[18]carbon-carbyne
hybrids and encapsulation inside a nanotube, we use multiscale computational
methods to determine the mechanical and thermal properties of each structure.
Under isolation carbyne requires the largest force to fracture and presents the
highest thermal conductivity, whereas the hybrid structures have a lower thermal
conductivity and break under a lower tensile force at the same strain as carbyne
with unraveling mechanisms dependent on the number of cyclo[18]carbon included.
For use in Cu electrodes, we find that carbyne also gives higher thermal conductivity

when compared to other structures.

Introduction

Low-dimensional materials, specifically
those composed of carbon, are a subject
of high interest due to their impressive
mechanical properties and comparably
small masses. This classification includes
nanomaterials such as carbyne, graphene,
and carbon nanotubes (CNTs). Carbyne, the
smallest known nanofiber, is a one-dimen-
sional chain of sp-hybridized carbon atoms
that occurs in a polyynic structure with alter-
nating single and triple bonds (=C-C=C-)n
or with a cumulenic structure consisting of
all double bonds (=C=C=)n.! Despite its
reactive structure, it has been discovered
naturally occurring in interstellar dust and
meteorites.>? It is of great importance to
the future of nanomaterials, as it displays
high mechanical performance, including
a specific strength of 7.5 x107 N-m/kg and
specific stiffness of approximately 10° N m/kg

that rivals those of graphene and carbon
nanotubes.! Among these is also an impres-
sive Young’s modulus of 3 TPa.* Such prop-
erties suggest that the chain would be ideal
for applications requiring high mechanical
demands with limited material volume.
Some potential implementations include
nanosprings and use in metal-matrix nano-
composites.>® The low-dimensional carbon
chain also exhibits excellent thermal char-
acteristics and is reported to have a high
thermal conductivity.”® The tunable thermal
properties and thermal conductivity that is
comparable to that of existing nanowires
imply success of the chain for mechanical/
thermal energy storage.” However, synthesis
of the chain remains a challenge due to its
instability. This has been addressed with cur-
rent methods of encapsulating the chain in
single or multiwalled CNTs'*!! and the use
of carbyne in metal-matrix nanocomposites.®
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Another low-dimensional carbon allotrope is cyclo[18]
carbon (C18); a highly reactive ring of 18 carbon atoms that
displayed polyynic bonding during its initial synthesis during
an atom manipulation study.'? With a specific stiffness and
a Young’s modulus that are lower than those of carbyne, in
addition to the ring’s critical strain of 32 percent and compa-
rable specific tensile strength, it has been proposed for nano-
mechanical applications as an ultra-elastic molecular O-ring
in a study by Fang and Hu.'> When C18 was connected to
two carbon chains by Zhang et al., the structure also exhib-
ited high conductance in comparison to other samples tested
with a C18 ring of both polyynic and cumulenic structures.'*
However, further studies are needed for an in-depth under-
standing of this structure, including its response to tensile
strain until fracture and thermal conductivity. The impressive
attributes of C18 and carbyne inspire the need for an investi-
gation of the thermal transport and mechanical properties of
C18-carbyne structures. Specifically, its potential application
in nanodevices as opposed to carbyne and other carbon-based
low-dimensional materials is of interest, including the addition
of CNT for encapsulation of carbyne. These hybrids may have
thermal and mechanical properties that could further advance
nanodevice applications.

Using molecular dynamics (MD) and density functional
theory (DFT) methods, we study the tensile and thermal prop-
erties of carbyne, C18, carbyne with varying rings of C18,
and carbyne capped in a CNT to determine the possibility of
carbyne applications requiring high thermal conductivity and
mechanical characteristics. We determine the transforming
and breaking forces with corresponding strains for all samples
under tensile loading. Thermal studies are then conducted to

calculate the thermal conductivity of the samples at room tem-
perature and as an electrode on a Cu substrate.

Materials and methods

Materials

We study the mechanical properties of carbyne, nC18-car-
bynes (n=1, 2, and 3 rings), capped CNTs, and their thermal
properties on a Cu substrate, using MD and DFT methods.
The large-scale atomic/molecular massively parallel simulator
(LAMMPS)' is utilized with a ReaxFF force field designed
for modeling of C/H/O materials and Cu for the MD stud-
ies.!® The validity of this force field is reinforced by com-
parison of the strain energy calculation for C18 for strains
0of—20 to 20 percent using MD and DFT. This is discussed
in the “Tensile and compressional strain energy of C18” sec-
tion, following a previous study.'* We use MD method on all
samples to perform thermal testing and tensile studies, which
are conducted using the steered molecular dynamics (SMD)
method.'” The samples of interest, which include a chain of
cumulenic carbyne, a cumulenic C18 ring, nC18-carbyne with
1-3 rings, and a capped (5, 5) CNT with and without encapsu-
lated carbyne, are shown in Figure 1. All chains are approxi-
mately 80 A long, and the capped CNT is nearly 100 A in
length. The sliced Cu(111) substrate, which is used for initial
analysis of the carbon-based structures as electrodes, may be
seen in Figure 1g with a chain of carbyne capped using gra-
phene sheets, and in Figure 1h with carbyne encapsulated in
the CNT after being equilibrated at 300 K using a canonical
(NVT) ensemble. Another Cu(111) block structure is also stud-
ied with low-dimensional materials as shown in Figure 1i—j;
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Figure 1. Samples used in this study, (a) periodic carbyne, (b) C18 ring, (c) periodic C18-carbyne, (d) periodic 2C18-carbyne, (€)
periodic 3C18-carbyne, (f) capped carbon nanotube (CNT), (g) graphene-carbyne on sliced Cu(111), (h) capped CNT-carbyne on sliced
Cu(111), (i) graphene-carbyne on Cu(111) blocks, and (j) capped CNT-carbyne on Cu(111) blocks.
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this structure eliminates the Cu base as seen in Figure 1g—h.
The Cu sample dimensions are approximately 140 x 15x20 A
(excluding the gaps for samples in Figure 1g—j) in the x, y, and
z dimensions, with a periodicity along the z-direction. All sam-
ple visualizations utilized VMD.'® All carbon-based materials
are generated using nanoengineer-1,"” excluding the capped
CNT, which was modeled using the NanoCap software.>’

Tensile testing

The SMD tensile testing was carried out for samples a—f (Fig-
ure 1) in vacuum after equilibration at 10 K to avoid the effects
of thermal vibration. We did perform a parametric study, and
it was confirmed that the nC18-carbyne samples break at
approximately the same force when the temperature ranges
between 10 and 300 K. The breaking force of carbyne at 10
and 300 K has also been reported to vary approximately 1
nN in a previous tensile study for a chain length of 80 A.%!
An atom (carbyne, C18, nC18-carbyne) or selection of atoms
(CNT, CNT-carbyne) on the left-hand side of the sample have
fixed boundary conditions, whereas the atom(s) on the right
are pulled with a constant velocity of 0.05 m/s along the x-axis.
In the case of the CNT structures, multiple atoms are attached
to the spring used for the SMD calculations by LAMMPS for
symmetry of force distribution and inclusion of the carbyne
chain in the CNT-carbyne sample. Throughout pulling, the
strain of the sample is recorded in relation to the spring force
required to maintain the constant velocity, which we then use
to determine the breaking or structure transformation force
of each sample. Strain is calculated along the x-axis and is
determined by the change in the length of the chain along the
x-direction divided by the length of the unstrained chain. Virial
stress is also recorded per atom as implemented in LAMMPS
and has units of stress multiplied by cell volume.?? For the
purpose of this study, the carbyne cell volume is approximated
using a 3.35 A by 3.35 A square cross-sectional area, which
was used in a previous MD study,?’ and a cell length corre-
sponding to the length of the chain as it undergoes strain. For
the other nC18-carbyne samples, the cross section is altered
to reflect a rectangular cross section of 3.35 A by 7.39278 A;
the diameter of the C18 ring. The CNT area is modeled as a
ring with a radius of 3.43 A and thickness of 3.4 A,?* whereas
the CNT-carbyne area is calculated as a circular cross section
with a radius equivalent to the outer radius of the CNT ring.
Observation and imaging of the stress distributions are per-
formed using the visualization software, OVITO.?

Thermal studies

In this study, we use the Miiller-Plathe reverse nonequilibrium
method to compute the thermal conductivity, which is the rate
of energy transfer in a material with a temperature gradient.”%°
MD simulations are performed using an NVE ensemble, and
kinetic energy is exchanged between atoms in a hot and cold
reservoir to induce a temperature gradient. The cumulative
energy transferred and the subsequent temperature gradient

as the system approaches a steady state are measured. The
thermal conductivity (k) can then be computed using Fourier’s
Law, as seen in Equation 1 where Jj, is the heat flux, Q is heat
flow rate, dE is the cumulative kinetic energy transferred, dz is
the simulation time, 4 is the cross-sectional area, and d7/dx is
the temperature gradient along the system length.?

b 0 1 _(dEN 1 1

T AT T 24 <dT/dx> - < dr > 24 <dT/dx> :
It should be noted that thermal conductivity is dependent on
the cross-sectional area and for our studies, the cross-sectional
area used for calculations is discussed in the “Materials” and
“Tensile testing” sections.

For the thermal conductivity simulations of the car-
bon structures, the models are periodic in all directions and
approximately 80 A in length. To ensure system averaging,
there are 10 chains for the carbyne and nC18-carbyne mod-
els. The CNT and CNT-carbyne models utilize three repeated
structures due to the large number of atoms in the system. It
should also be noted that, for the simulations which include
the sliced Cu(111) or Cu(111) blocks, the x and y boundaries
are not periodic and thus mimicking a nanodevice, hence the
division by two in Equation 1 for periodic boundaries is not
included. In this case, only one image of the sample is used
due to the large number of atoms, and the cross-sectional
area is calculated as the area of the Cu block across the gap
(approximately 20 x 6 A) added to the area of the carbon-based
material suspended over it for the sliced Cu(111) samples. The
models are first equilibrated using an NVT ensemble to a tem-
perature of 300 K before the Miiller-Plathe method is applied
with the hot and cold reservoirs being approximately 20 A in
width. A timestep of 0.1 fs is used, and the exchange of kinetic
energies between reservoirs occurs every 100 timesteps. The
heat is exchanged for a simulation time of 20 ps. For the non-
periodic simulations, the individual atoms on either side of
the carbon-based materials have a fixed boundary conditions
(in the x-direction for carbyne and in x and z for C18-carbyne,
CNT, and CNT-carbyne).

Tensile and compressional strain energy of C18

To validate the tensile studies and force values obtained and
to find the specific stiffness of C18, we further investigate
the compression and tensile properties of C18. The energy
of the ring is calculated using DFT and MD (energy mini-
mization) for strains of —20 to 20 percent. The DFT stud-
ies were conducted using Quantum ESPRESSO?” with pro-
jected augmented wave (PAW) pseudopotentials?® and PBE
functional® for the carbon atoms. The C18 ring is modeled
in a vacuum with a spacing of approximately 10 A between
periodic images. Structural relaxation calculations are car-
ried out with a 1 x1x 1 k-point mesh and the employment of
Grimme’s DFT-D2 van der Waals correction for modeling of
the C atom interactions.? The kinetic energy cutoff is set to
558 eV, and convergence is achieved when the difference in
energy between calculation iterations is less than a threshold
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of 1 x107°. To find the lowest energy configurations corre-
sponding to C18 strain variations between —20 and 20 per-
cent, we apply fixed boundary conditions to diametrically
opposite atoms with the strained diameter of the ring while
the remaining atoms are free to move during relaxation. Once
the relaxation is completed, the final energy of the system is
computed along with the atomic positions and electron den-
sities. The electron densities, which provide insight into the
bonding structure of the ring, can be visualized as isosurfaces
using VESTA.*! To compare DFT and MD results, the energy
of the C18 with strains between a compressional —20 percent
and tensional 20 percent are normalized and the forces are
computed and then compared.

Electron density of strained nC18-carbyne

We additionally validate the transformations occurring in the
nC18-carbyne samples during the SMD tensile study. We con-
duct self-consistent field (SCF) calculations using Quantum
ESPRESSO? for the nC18-carbyne samples at strain values
leading up to the strain just prior to their first transforma-
tion determined from the SMD results. We extract the atom
coordinates for the corresponding strains directly from the
SMD simulations. The simulation box size is determined by
the maximum strain of the longest 3C18-carbyne sample, for
which there is a vacuum of ~10 A between the periodicities.
We then use these results to visualize the electron densities
of the samples by slicing 2D planes through the rings of the
chains using VESTA.3!

Discussion and conclusion

Tensile testing results

The force and strain for all the samples are recorded through-
out the SMD study. We find the force at which the samples
initially undergo structural transformation (transforming
force), and then determine the breaking (fracture) force with
corresponding strains (see Figure 2a).

During the tensile studies, carbyne endures tensile strain
due to the F\ spring force before one of its bonds breaks at
the point where the spring is attached at approximately 35
nN. The breaking force of carbyne has been reported as 9
nN from a tensile study for a similar length chain; however,
this chain had a polyyne bonding structure.* It is possible
the difference is due to the dissociation of the bonds of
each structure; polyyne includes single C—C bonds while
cumulene is composed of double bonds that would require
a higher force to break. It should also be noted that the car-
bon-carbon bond at which the carbyne breaks is stretched
from a C=C bond to a C—C bond, which may affect the pull-
ing force. This occurs between a strain of approximately
14 and 14.6 percent and causes the steep increase of slope
for the force-strain relationship of carbyne (see Figure 2a).
Between these strain values, most bonds in the chain are
extended from the length of a double to single carbon bond.
An isolated C18 ring experienced multiple bond breaks that
may be seen in the array of force peaks. This is due to the
unraveling of the ring; rather than fracturing of a C—C bond
as observed for the chain of C-atoms; the C-atoms start to
undergo structural transformation from C18 to a carbon
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chain. This process is repeated while the force is distrib-
uted through the ring to each atom prior to transformation.
The initial peak force of the C18 ring, which led to its first
structural change under tensile strain, is approximately 7
nN at 50 percent strain. This agrees with a tensile study
completed by Fang and Hu, in which a critical force of 4.5
nN is reported for the single C18 ring and it is noted to not
surpass a strain of 50 percent.'3 The CNT and CNT-carbyne
structures fractured at a strain closer to that of the carbyne
chain but at a force closer to that of the C18 at ~12.46 nN
and 12.49 nN, respectively. These two samples don’t have
a higher tensile strength or ability to withstand high strains
in comparison to the other structures.

A combination of breaking patterns observed in the carbyne
and C18 may be seen in the nC18-carbyne samples depending
on the number of rings in the chain. The sample with one ring
experiences its first change at a transforming force of approxi-
mately 15 nN prior to unraveling into a chain of carbyne that
breaks at 35 nN. This may be noted with the two peaks associ-
ated with this sample in Figure 2a and the process visualized
in Figure 2b. Unlike this sample, the chains with 2 and 3 C18
rings experience bond breaks prior to full carbyne transforma-
tion. As may be seen in Figure 2, the ring closest to the applied
force starts to unravel first. However, before the ring is fully
unraveled and while the second ring is unchanged, the chain
breaks at a bond between the carbyne chain and C18 furthest
from where the spring is attached. Upon further inspection,
this is a single C—C bond with sp*-hydridized C-atom bond-
ing with the carbyne and C18 ring. This mechanism is also
seen for the 3C18-carbyne sample; neither sample achieves the
breaking force of 35 nN. As noted for the structural transfor-
mation of the sample with a single C18, these samples break
at 15 nN.

From these relationships, it can be inferred that the
inclusion of the C18 rings in the carbon chains are not
ideal for increasing the tensile strength of the carbyne. All
low-dimensional samples, excluding the isolated C18 ring,
break or transform at a strain of approximately 18 percent,
which coincides with a previous study’s report for the critical
strain of carbyne of 1819 percent.! The use of C18 did not
increase the critical strain of carbyne despite the impressive
elastic properties of the isolated carbon ring. While the single
C18-carbyne sample delays the fracturing of the chain, it
requires a transformation between the C18-carbyne structure
to a linear carbon chain before achieving the strength of the
chain post-transformation. However, due to this change from
the ring structure to a carbon chain, the ultimate failure strain
of the single C18-carbyne structure is higher than that of the
carbyne chain.

The stress distribution in the nC18-carbyne provides an
insight into the tensile properties of these chains. These may
be seen in Figure 2b—d, which show the structure before
and after the initial unraveling of the rings and breaking of
the chains. The C18-carbyne shows a gradual increase in
stress during the tensile test before the distribution of stress

changes in the ring; one half (bottom portion of the ring)
continues to increase while the top portion releases some
of the stress after the first bond breaks. Then, after the ring
has unraveled, the stress of the carbyne chain approaches 5
GPa before the chain also breaks and stress in the chain is
released. 2C18-carbyne and 3C18-carbyne do not reach this
5 GPa stress value prior to fracture in the samples; they break
at approximately 1 GPa. After their first C18 ring unravels,
the chains break at a carbyne and C18 intersecting bond.
This pattern may be occurring due to the single C—C bonds
in the structure at this point being not as strong as a dou-
ble bond that must break for carbyne. The weak bonding,
combined with the uneven distribution of stress between the
chain (higher stress) and C18 ring (lower stress), results in
these chain fracturing at a lower force than carbyne under
tensile loading.

To validate the force values under tensile testing using MD,
we use DFT to find the ground-state energies and compute the
forces at different strains. We pick the C18 sample for this test
as it has the lower number of atoms and is thus computation-
ally less expensive. Moreover, the specific stiffness of C18
needs to be determined. By using DFT and MD methods we
find the strain energies at 0 percent strain and at tension and
compression strains of 2, 4, 10, 15, and 20 percent. After nor-
malization of the energy values, both methods return similar
strain energies that may be seen in Figure 3a, which serves to
further validate the force field used.

The charge density of the unstrained and strained samples
is visualized in the form of isosurfaces denoted by their color
for each density level between 0.1 and 0.4 A=, These densities
are indicative of the bonding structure of the rings; the charge
densities between atoms implies it is a cumulenic structure.
As may be seen in Figure 3a, the charge density of 0.3 A~
remains constant for all strained samples; they are all cumu-
lenic with double C=C bonds. This bonding is not affected by
the strain due to the strain range used; the critical strain for
C18 has been reported as 32 percent.'3 All strains studied in
this paper fall within the elastic range of the C18.

Given the strain energies, it is possible to calculate the spe-
cific stiffness for the C18 ring following the method detailed
by Muller and Nair.® For the MD and DFT methods, the spe-
cific stiffness is determined to be 6.32 GPa cm®/g and 9.79
GPa cm’/g, respectively. This value is much lower than that
of carbyne, which has been reported to have a specific stiff-
ness of 673 GPa cm?/g.% Carbyne has also been noted to have
a specific stiffness that is twice that of CNTs and graphene;!
the specific stiffness of C18 is also lower than these materi-
als. This is to be expected, as the C18 is able to withstand a
higher strain than carbyne and has more modes of transforma-
tion during tensile pulling than a one-dimensional chain. By
comparing the forces obtained from MD and DFT, we note
that the maximum difference at 20 percent and —20 percent
are 0.37 nN and 0.31 nN, respectively. This may be attributed
to the difference between the van der Waals interactions for
DFT calculations in comparison to the ReaxFF force field used
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concurs with the SMD results, in which
we see the transformations first occur-

T T T T T T

—DFT
—MD

0.9 r

0.8

Isosurface Level (A%) | Color Legend

07t \ \ SN o

0.6 |

051

Normalized Strain Energy

ring at this intersection for all nC18-
carbyne samples.

Thermal studies results

Beyond the tensile properties of the car-
byne and C18 structures, their ability to
conduct heat also impacts their applica-
bility in nanodevices. Thus, we use the
Miiller-Plathe reverse nonequilibrium
method to determine the thermal conduc-
tivity of all samples excluding C18 with
periodic boundaries, and the results are
shown in Figure 4a. For a more in-depth
understanding, the number of vibration
modes during the thermal simulations

C18 Strain

2C18-carbyne

3C18-carbyne

Figure 3. (a) C18 strain energy for molecular dynamics (MD) and density functional
theory (DFT) methods (inset shows electron density for C18 for different strains), and
(b) electron density for rings of nC18-carbyne.

are also identified. These vibration modes
are important to study, as they relate to
the longitudinal and transverse acoustic
modes of the chains and the transport of
thermal energy via phonon modes.
Comparing all structures, the carbyne
exhibits the highest thermal conductivity
at 300 K as approximately 0.05 kW/m K,
which agrees with a previous study.” A
comparison between the thermal conduc-
tivity values we calculate for carbyne and
those from literature can be found in Sec-
tion S1 of the Supplementary Materials.
Deng and Cranford found that carbyne
had a higher thermal conductivity rela-
tive to its atomic weight when compared
to a (5, 5) CNT and graphene.” Its low-
dimensional status and short length also
potentially result in the single vibration
mode noted for this sample in Figure 4b,
which may be influencing the comparably
high thermal conductivity.® Though the
C18 ring also has impressive transport

0.4 A3

for MD. However, the differences are low, verifying the SMD
force calculations.

To further validate the results of the SMD simulations,
we also study the electron density of the nC18-carbyne sam-
ples at strains of 5 percent, 10 percent, and the transform-
ing strain corresponding to each sample. For C18-carbyne,
2C18-carbyne, and 3C18-carbyne, these strains are respec-
tively 17.3, 18.6, and 20.6 percent. The progression for each
may be seen in Figure 3b for the right-most ring of each
hybrid chain, as this is where the first transformation occurs.
With an increase in strain, we note a decrease in electron
density in the bonds at which the C18 and carbyne inter-
sect denoted by a red arrow in Figure 3b, indicating this
bond is stretched more compared to surrounding bonds. This
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properties, their addition to the carbyne
chains did not increase the system’s thermal conductivity.
The nC18-carbyne samples all display similar x values, which
are less than half that of carbyne with the same chain length.
Their number of vibrational modes, seen in Figure 4c—e for
the x—y plane, are also proportional to the number of rings
used. The thermal conductivity of the CNT structure, which
experiences a single visible vibration mode in the x—y plane, is
calculated as 0.018 kW/m K. This is within range of a previous
study completed for various lengths of single walled CNTs for
lengths of 50 and 100 A.*? Encapsulating a chain of cumulene
in the CNT did not increase the structure’s thermal conductiv-
ity as expected, though CNT-carbyne also only experiences
one visible vibration mode (Figure 4g). This is assumed to be
due to interaction occurring between the carbyne chain and
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Figure 4. (a) Thermal conductivity of carbon-based structures for periodic case in vacuum and vibration modes for (b) carbyne, (c)
C18-carbyne, (d) 2C18-carbyne, (e) 3C18-carbyne, (f) carbon nanotube (CNT), and (g) CNT-carbyne.

CNT that disrupts the linear transport noted for an isolated
carbyne.

Next, a Cu(111) substrate is introduced to mimic the setup
of an electrode,'* in which carbyne-based samples could be
placed to study the thermal conductivity for the chain of
cumulenic carbyne, C18-carbyne, CNT, and CNT-carbyne.
These Cu substrate structures do not include 2C18-car-
byne and 3C18-carbyne because they were determined to
have similar thermal conductivity values to C18-carbyne
(see Figure 4a). Stability of the C18 and C18-carbyne on
the Cu(111) surface is shown in Section S2 of the Supple-
mentary Materials. The thermal conductivity of a Cu(111)
block, which was used to determine the effect of a substrate
on the carbon-based samples while acting as an electrode
base, may be seen in Figure 5Sa—b. This is validated in
Section S1 of the Supplementary Materials. The addition
of carbyne, C18-carbyne, CNT, and CNT-carbyne on the
sliced Cu surface (see Cu(111) structure in Figure 5a) mini-
mally increased this value. However, it should be noted that
graphene sheets were added to the end of the carbyne and
C18-carbyne chains to ensure that they remained on the Cu
surface with a periodicity along the z-axis. Our SMD study
confirmed that an isolated carbyne and graphene-carbyne
have a similar breaking force and response to tensile testing.

We determine that the results for the sliced Cu(111) struc-
tures are similar in value to the thermal conductivity of Cu
due to the effect of the metal (Cu) spanning the gap where
heat exchange occurs and the contribution of its cross-sec-
tional area for thermal conductivity calculations. To mitigate
this effect, we use the Cu(111) block structure as shown in
Figure 5b. With this Cu block structure, we note an increase
in thermal conductivity for all samples due to the presence

of low-dimensional materials. As with the periodic case,
the copper sample consisting of carbyne has the highest
thermal conductivity of 0.24 kW/m K. In comparison,
Cu-CNT-carbyne has the lowest thermal conductivity of
0.052 kW/m K. We contribute the variance in thermal con-
ductivity values between samples to the simulation boundaries
of nonperiodic compared to periodic and vibrational modes.
Periodic systems lead to ballistic transport of phonons
against the direction of imposed heat transfer, which reduces
the measured temperature gradient and in turn the thermal
conductivity.??

Deng and Cranford’ report that carbyne has a high thermal
conductivity and only two acoustic phonon modes in which
heat travels as compared to other low-dimensional materi-
als such as graphene. Carbyne is noted to have longitudinal
and out-of-plane transverse modes, for which the vibrational
modes correspond with movement in the x- and y-axes in our
study, respectively. Of the limited number of modes, the out-
of-plane transverse mode is theorized to be the most important
by Deng and Cranford, allowing high thermal conductivity
along the axis of the chain. These modes may be seen in the
vibration of the chain in the inset of Figure Sa—b.

We observe the next highest thermal conductivity in Cu-
C18-carbyne, for which we observe an additional in-plane
vibrational mode with the C18 ring (see Figure 5c). This
mode could be contributing to the lower thermal conductiv-
ity, which has been noted for graphene. Though the out-of-
plane transverse mode is considered a large component of
the thermal conductivity of graphene by Lindsay et al.,* the
2D material has three acoustic phonon modes. As noted by
Wang and Lin,® the presence of more phonon modes could
cause overlapping and phonon—phonon scattering that reduces

MRS BULLETIN e VOLUME 47 o OCTOBER 2022 o mrs.org/bulletin M 7



-
“g)\ MECHANICAL AND THERMAL PROPERTIES OF CARBON-BASED LOW-DIMENSIONAL MATERIALS

S
>
S

Thermal Conductivity (kW/m-K)
e S S
> P
b b

e
>
4

e
s
=

e
2

C]

|E| 0.3 T

Thermal Conductivity (kW/m-K)

Simulation Time (ps)

» 10 ps

Simulation Time (ps)

Figure 5. Thermal conductivity of (a) carbon-based structures on sliced Cu(111) and (b) blocks of Cu(111) with vibration modes of (c)
Cu-C18-carbyne and (d) Cu-carbon nanotube (CNT)-carbyne over a period of 10 ps.

thermal conductivity. It is possible that this is occurring in the
Cu-C18-carbyne structure. This may be the case for the CNT-
carbyne structures as well, as they have the same bonding
structure as graphene.

To further investigate the vibration modes occurring in the
CNT samples during the thermal simulations, we study Cu-
CNT-carbyne over a period of 10 ps. As opposed to carbyne,
which has been reported to include two vibration modes (out-
of-plane transverse and longitudinal), graphene includes a
third in-plane transverse mode.” This, combined with its three-
dimensional structure, requires a more in-depth analysis of the
CNT structures throughout the thermal simulations. The out-
of-plane transverse mode of carbyne results in vibrations along
the y-axis. For the CNT structures, the out-of-plane vibration
mode results in vibration in both the y-axis and z-axis. This
may be seen in Figure 5d, in which the CNT-carbyne rotates
around the x-axis.
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To observe the in-plane modes of the CNT structures, we
focus on a single hexagonal section of the tube denoted by
grey atoms in Figure 5d over the same time period. We observe
changes in bond lengths and bond bending occurring in the
hexagon that is contributed by the in-plane vibration mode,
as this mode is tangential to the CNT surface.

For comparison, we plot the thermal conductivity calcu-
lated for the periodic cases and nonperiodic Cu(111) block
samples (Figure 5b) with the corresponding structural trans-
forming force determined using tensile tests in Figure 6. The
relationship between the thermal conductivities and tensile
breaking forces of the carbon-based materials is indicative of
their adaptability for use in applications, such as nanodevices,
requiring high tensile strength and an ability to conduct heat.
We find that carbyne, in a periodic or nonperiodic boundary
when placed on Cu(111) blocks, has the highest transforming/
breaking force and thermal conductivity when compared to
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the other samples. The C18-carbyne samples have the second
highest structure transforming force and thermal conductivity.

Conclusion

The mechanical and thermal properties of several carbon-
based materials, including carbyne, C18, nC18-carbynes, and
CNTs with and without encapsulated carbyne, were investi-
gated using MD and DFT methods. During the tensile study,
carbyne exhibited the highest force of approximately 35 nN
prior to breaking under a tensile strain of 18 percent. The
nC18-carbyne chains were found to break and transform at
the same strain as the chain of carbyne at lower forces; they
are not ideal for applications requiring an ability to withstand
high strain or tensile strength. Additionally, varying the num-
ber of rings on the chains was not shown to greatly impact the
samples’ breaking force or thermal conductivity, though the
chain with a single ring was noted to unravel into a chain of
carbyne. This may be an interesting property to explore for
applications where more deformation is needed at low strains
while maintaining an ability to have a high strength at higher
strains. Carbyne and C18 excel in different aspects; whereas
carbyne resulted in the highest breaking force and thermal
conductivity, C18 withstood a higher strain. Additionally, we
determine the specific stiffness of C18 to be approximately
6.32-9.79 GPa cm®/g, which is lower than the value reported
for carbyne.

The ability of carbyne to withstand the highest tensile
breaking force, compounded with its thermal conductivity
of 0.05 kW/m K with periodic boundaries, make it an ideal
material for use in nanodevices. This is further noted for the
Cu-carbyne structure Cu(111) blocks, for which the thermal
conductivity is ~5 x higher at 0.24 kW/m K compared to the
Cu sliced case that is not periodic along the x-axis, which
indicates that the distance between low-dimensional mate-
rial and Cu base affects the thermal conductivity. Thus, the

use of carbyne as an electrode in nanodevices with Cu(111)
surface may be preferable for high thermal conductance, com-
pounded with its efficiency relative to its mass compared to
the nC18-carbyne structures and CNT structures. Though the
use of CNT to encapsulate and shield carbyne from reactive
surfaces is beneficial in application, it decreases the thermal
conductivity of the CNT-carbyne structure. The CNT struc-
tures would be better suited for applications where thermal
insulation is desired rather than a better ability to dissipate
thermal energy.
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