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ABSTRACT

Carbon sulfur nanothreads (CSNTs) mainly composed of two chiral long alkane chains have been recently
fabricated from thiophene by a pressure-induced phase transition in low-temperature, but their me-
chanical properties remain unexplored. Here, the critical roles of morphology and temperature on the
tensile characteristics of CSNTs are for the first time examined using molecular dynamic simulations with
a first-principles-based ReaxFF forcefield. It is revealed that CSNTs exhibit high tensile Young's modulus,
high tensile strength and excellent ductility, and their tensile properties are morphology and tempera-
ture dependent. Morphologically, atomic arrangement with various configurations makes every CSNTs
possess unique mechanical properties. Thermally, as temperature varies from 1 to 1500 K, CSNTs become
mechanically weakened. In comparison with conventional diamond nanothreads (DNTs) and carbon
nitride nanothreads (CNNTs), CSNTs show distinct axial elongation mechanisms, with relatively insig-
nificant changes in chemical bond orders and bond length in the skeleton prior to the final rupture.
Instead, the stretching of bond angle and dihedral angle mainly contribute to the global axial elongation,
while the torsional deformation is limited due to their perfect global symmetry in the configuration. This
study provides fundamental insights into the mechanics of ultra-thin CSNT structures.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Diamond nanothreads (DNTs), as sp>-bonded one-dimensional
(1D) carbon crystalline nanomaterial, show excellent properties
that appeal abundance of interests of scientists for the last decades
[1-3]. Different from sp?-bonded carbon nanotubes (CNTs), DNTs
formed by the gradual room-temperature compression and
decompression of benzene [4] or small-molecule heteroaromatic
molecules (such as thiophene [5] and pyridine [6]), which is
structurally characterized by extreme-thin sp>-bonded carbon
skeleton framework in a diamond-like tetrahedral core shape [7].
Their fully saturated surface of the carbon-carbon cage can retain
single-crystal or one-thread morphology that enables them to be
equipped with global subnanometer size along the axis. A
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nanothread offers a perfect nanomaterial to be a combination of
monocrystalline rigidity and unshackled polymer consist of aro-
matic monomers. Experimental results also observed bends and
defects in the nanothreads crystals, with most sp>-bonded and less
sp>-bonded carbon atoms [8]. There are both packing registry and
disregistry in nanothreads. Such a structure makes them one of the
subtle artificialities capable of successive periodic and orientational
order following its longitudinal direction [5]. It allows this kind of
nanothread to exhibit anisotropic property and chemically versa-
tile. These unique features give the promise of their outstanding
performances of mechanical [9,10], thermal [11], and electrical [12]
properties. It is suggested that they can be applied extensively in
artificial muscles [13], soft robotics [14], flexible electronics [15],
energy storage materials [16], and many other fields [17,18].
Although there are experimental studies [4—6,19—21] of DNTs
focusing on synthesis and characterization of them, their me-
chanical properties are still experimentally challenging to evaluate
due to the extreme-thin structure of DNTs. Thus, the efforts of a
series of first-principle calculations [22—24] and molecular dy-
namics (MD) simulations [2,9,10,25] have contributed to the
exploration and investigation of the mechanical properties of DNTs.

0008-6223/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
http://dict.cn/characterization
mailto:jianyang@xmu.edu.cn
mailto:jianying.he@ntnu.no
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2021.08.006&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2021.08.006
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.carbon.2021.08.006
https://doi.org/10.1016/j.carbon.2021.08.006

Y. Fu, J. Wu, S. Xiao et al.

In general, DNTs are mechanically robust and brittle, while other
DNTs with defects [2] or specific structure [9] possess structural-
dependent ductile even super-ductile properties. There have been
many studies indicating that the mechanical properties of DNTs are
highly relevant with both their inherent structure (heteroatoms,
molecular morphology, the way of sp?-or sp>-hybridization of
carbon atoms, functional group, defects and so on) and ambient
temperature. For carbon nitride nanothreads by pyridine-driven
[9], the nitride atoms were arranged in the skeleton structure of
DNTs, resulting in an extremely ductile structure with the
stretching limit of 190%, and it was predicted to be applied to the
fields of robust sensor, materials with ultra-low temperature
resistance, and high-density mechanical energy storage. A recent
study using ReaxFF-based MD simulations [10] indicated that the
DNTs with classical linear configuration performed higher tensile
stiffness of 360—730 GPa than the one with intriguing helical
configuration (tensile stiffness of 75—375 GPa). Based on an
AIREBO-based MD simulation [26], increasing the number of Stone-
Wales (SW) defects can obtain a transition from brittle to ductile
performance, and the axial stiffnesses of 700—950 GPa were pre-
dicted during the tensile test. A study by using density functional
theory [27] approved that the functional groups connecting to the
carbon skeleton of DNTs have a negligible influence on their me-
chanical properties. Besides, according to many previous studies
[10,28,29], it can be summarized that temperature plays a deter-
minant role in the mechanical properties of DNTSs.

As a finding of a new kind of DNTSs, a recent study gives evidence
of carbon sulfur nanothreads (CSNTs) derived from five-membered
thiophene [5]. Unlike the previous benzene- or pyridine-derived
nanothreads, this is a recoverable polymeric product with mono-
clinic order. Such low symmetry results likely from a crystalline
packing with uniformly anisotropic cross-sections. It has a potential
application to take higher degrees of synthetic control of carbon
nanothreads reaction outcomes, as well as prospective in-
vestigations to the characterization of symmetry-dependent
properties such as piezoelectricity and nonlinear optical effects.
Similarly, the furan-based nanothreads have been synthesized
through pressure-induced, which also can be considered as an
extension of the synthesis of nanothreads derived from five-
membered aromatic molecules[30]. Here, this work focused on
the CSNTs. Furthermore, carbon nanothreads attract lots of interest
from researchers and scientists, mainly by their excellent me-
chanical properties (lightweight and high performance). Unfortu-
nately, up to the present, there is no effective experimental method
and technique to evaluate their mechanical properties, not to
mention the mechanism of high mechanical performance, due to
the ultra-tiny structure of CSNTSs. So there still are many mechanical
behaviors that still are not expatiated.

Herein, this work aims at exploring the mechanical performance
of CSNTs by MD simulations. In the field of nanothreads, thiophene
is the first time to be used to form nanothreads, forming ultra-thin
carbon-skeleton organic materials. Although the sulfur atoms are
not in the nanothreads’ skeleton, it will be meaningful to investi-
gate the mechanical properties of ultra-thin CSNTs, to compensate
for the lack of fundamental study of nanothreads with ultimate
configurations.

2. Computational details
2.1. Molecular structures

Many morphologies of DNTs have been synthesized in lab-
settings [31—33]. It is well known that carbon nanothreads are

highly structure-dependent nanomaterials. Therefore, it is mean-
ingful to investigate the mechanical characteristics of every kind of
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configuration of nanothreads. Recently, a new experimental finding
approved the evidence for CSNTs [5] derived from thiophene,
which now extended the synthesis of nanothreads to five-
membered aromatic molecules. With its flexibility, it gives the
promise to achieve diverse compositions and structures in the
future. To obtain meaningful understanding, the detailed infor-
mation of three molecules was directly borrowed from experi-
mental data of the supporting information (Anti.cif, Syn.cif, and
Syn_Anti.cif) in the publication [5], as shown in Fig. 1. Note that,
although syn-, anti- and syn-anti thiophene-based CSNTs were
proposed, they were not definitively confirmed because it is not
currently possible to synthesize pure syn, pure anti and pure syn-
anti thiophene-based CSNTs[5]. Based on the nomenclature[34],
syn, anti and syn-anti were used to describe sulfurs’ position in the
CSNTs: nanothreads with sulfur atoms located on only one side,
alternating sides, and alternating in pairs, as shown in Fig. 1. To
analyze the strain and loading stress during the tensile test, the
diameter of all CSNTs was fixed as 0.5 nm, same with the real CSNTs
size. The axial length of CSNT Anti, Syn, Syn-anti was set as 0.32 nm,
0.31 nm and 0.28 nm respectively, to achieve clear visualized
change during the tensile test. The axial boundary was periodic to
effectively avoid the effects of end boundaries and length of single
nanothreads on their mechanical properties. Meanwhile, an axial
boundary can make the nanothreads infinitely long, even a mac-
rolevel size, to improve the accuracy of the simulation works.

2.2. MD simulations

All MD simulations were realized by applying the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) pack-
age [35]. For the force field, the first-principles-based ReaxFF po-
tential was chosen to perform the MD simulations in the carbon
nanothreads. As is known, the first version of ReaxFF was initially
developed to mimic dissociation and formation of covalent bonds
that are highly computationally demanded for ab initio calculations
in carbon-based materials [36]. To date, the ReaxFF was shown to
accurately describe a wide range of carbon-based nanostructures
because it enables to accurately capture the breaking and formation
of covalent bonds due to strain [2,9,37,38]. Moreover, it can perform
the interactions of covalent bonds, coulombic forces, and other
non-bonded interacting forces, even achieving the values about
bond order and bond length, which are important information to
capture the change during the tensile process. By using such po-
tential, many studies have successfully proposed specifically
structured nanomaterials and evaluated the mechanical properties
of diverse carbon-skeleton nanostructures [39—42]. Because our
systems of CSNTs are composed of carbon, hydrogen and sulfur
atoms, the version of ReaxFF parameterized by Mattsson et al.
[43,44] for materials consisting of carbon, hydrogen, oxygen, ni-
trogen and sulfur atoms, was chosen to predict their mechanical
behaviors. This ReaxFF with Mattsson parameter sets has been
successfully predicted the mechanical properties of a variety of
materials, including crystalline cellulose, composites of a cellulose-
carbon nanotube, graphene, functionalized graphene nanoribbons
with NHj, CHs, OH and CsHg groups and epoxy materials[45—48].

In all MD simulations, the timestep was set as 0.1 fs. At the very
beginning, the configuration of each CSNTs model was taken with a
minimum energy optimization by an energy tolerance (1.0 x 10-
4 kcal/mol) and a force tolerance (1.0 x 10~* kcal/mol-A). The
following equilibrium state was obtained after 2 ns, by relaxing
without pressure along the axial direction. To prove that the
structures are stable after MD simulation time of 2 ns, the potential
energy of systems and bond order of the carbon atom in three
structures were also calculated, as shown in Figs. S1—2. All those
results indicate that the CSNT structures are thermodynamically
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Fig. 1. The top-view and side-view snapshots of molecular configurations of three CSNTs (Anti, Syn, and Syn-anti). The colors, light yellow, powder blue, and dark slate gray sphere
indicate sulfur, carbon, and the hydrogen atom, respectively. (A colour version of this figure can be viewed online.)

stable configurations. The NPT ensemble was chosen to use in the
MD relaxations. The Nosé-Hoover thermostat and Nosé-Hoover
barostat with parameters of damping timestep of 100 and 1000
were utilized, respectively. The deformation along the axial direc-
tion was applied with a strain rate of 1.0 x 10% s~! per every 1000
timesteps. And the NVT ensemble was chosen to use in the MD
deformation. The real-time value of stress, bond order, and bond
length was computed and recorded. In this work, ReaxFF uses
distance-dependent bond-order functions to represent the contri-
butions of chemical bonding to the potential energy[38,49,50]. The
bond order of specific atoms was computed by the ReaxFF potential
specified by pair_style reax/c in LAMMPS. Collecting the global
stress of the nanothread is a sufficient way to sum the stress of all
atoms. The Young's moduli (E) were calculated from the slope of the
fitting of initial strain-stress curves of tensile results.

3. Results and discussion
3.1. Morphology dependent properties

3.1.1. Tensile characteristics of CSNTs

It is known that the mechanical properties of nanomaterials are
strongly morphology-dependent. To investigate the effects of all
morphologies on the mechanical properties of CSNTs, an ultra-low
temperature of 1 K was applied to the tensile tests. The setting of
low temperature aims to eliminate most of the influence of thermal
kinetics. The real-time engineering strain and stress were calcu-
lated, and all stress-strain curves were collected in Fig. 2a. Globally,
the results can be roughly described that the relationships between

strain and stress are highly nonlinear. The distinct differences be-
tween them suggest that the mechanical properties of CSNTs are
molecular morphology dependent. The global loading process can
be clearly described in several main stages. Following the beginning
of the tensile loading, all CSNTs present the first linear elastic
response with different elastic strain ranges (Anti, 0—18.7%; Syn,
0—13.6%; Syn-anti, 0—16.4%.). As the loading continues, the stress
suddenly drops and then fluctuates slightly around a constant
value, forming a swath-like pattern which can be called the yielding
stage. Interestingly, Anti and Syn-anti experienced a wide yield
strain range. The reason for such unusual mechanical behavior has
been explored to be related to the structural transformation of bond
configurations of C—C covalent bonds and C—C—C bond angles
[51,52], as well as unique molecular morphology. For example, syn-
CSNT is a linear molecule and shows identical bond configurations
in a one-unit cell along the molecular axis. As a result, subjected to
axial tension, syn-CSNT is homogenously deformed, resulting in its
almost linear elastic responses followed by brittle fracture. How-
ever, for both anti- and syn-anti-CSNTs, they are curved molecules
with differently local bond configurations in the one-unit cell along
the axial direction. As a consequence, both CSNTs show strong
nonlinearity in the tensile stress-strain curves. This is because, as
the CSNTs are critically strained, local bond configurations are non-
homogenously deformed, resulting in strong nonlinear changes in
bond order, bond length and bond angle. To explore whether the
plateau features in the stress-strain curves are influenced by
straining rate, we performed two more tensile tests of Anti and
Syn-anti with strain rates of 1.0 x 10% s™! to 1.0 x 107 s~! for
comparison. Fig. S3 shows the tensile stress-strain curves of Anti
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Fig. 2. Tensile results of all CSNTs at temperature 1 K. (a) Tensile stress-strain curves of Anti, Syn and Syn-anti, (b) Young's moduli, and

figure can be viewed online.)

and Syn-anti structures predicted with straining rates of 1.0 x 10%
s712.0 x 107 s~'and 1.0 x 107 s~ L. As is indicated, the three tensile
stress-strain curves are almost overlapping during the whole
straining process, indicating that there is negligible effect of
straining rate on the global tensile responses. Therefore, it can be
summarized that the plateau features presented in Fig. 2a are
negligibly sensitive to the strain rate in the range chosen in this
work. Remarkably, before threshold value or rupture stress, all
mechanical behaviors are non-linear elastic, not strictly obeying
Hooke's law. The stress increases sharply until the threshold value
with the loading. Finally, C—C covalent bond breaking results in a
drop of stress to zero. Differently from Anti and Syn-anti, Syn's
strain-stress curve is in a smooth shape due to its simple
morphology. It is worthy to note that all broken bonds resulted
from the loading are C—C bonds, not C—S bonds so that mechanical
properties of all CSNTs depend mainly on the morphology of their
carbon skeletons. More detailed information is shown and dis-
cussed in the following section.

In the assumption that the strain range of 0—1% is linear elastic
deformation and the area of the cross-section of CSNTs is constant,
the axial tensile Young's moduli are calculated by the slope of the
stress-strain curve. Herein, Fig. 2b shows the elastic moduli of all
studied CSNTs. Similar to the previous studies on CNTs
[10,26—28,53] and CNNTs [9], CSNTs also exhibit high Young's
modulus (Syn-anti, 226 GPa; Anti, 302 GPa; Syn, 625 GPa).
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Following the order from the lowest to the highest value, they are
sorted as Syn > Anti > Syn-anti. The reason for the distinct
discrepancy of tensile stiffness is resulted from different local atom
arrangements of CSNTs. Based on Fig. 2a, it is obvious that only
carbon atom occurs in the skeleton. Although the sulfur atoms do
not affect the tensile properties of CSNTs, their occurrence has an
influence on the other carbon atoms' arrangement. There is no
bond breaking observed in C—S bonds in all investigated in tensile
results. Meanwhile, they all have two effective covalent C—C bonds
in the tensile loading cross-sections. Notably, there are always two
C—C bonds including in the tensile cross-sections of all CSNTs. The
main distinct difference between them is bond angles, resulting in
ways of configuration folds. In terms of C—C bond angles, they are
ranked as Syn-anti > Anti > Syn. The highest modulus of Syn is
attributed to its small bond angles and the simple periodic unit,
which make it stronger than others. In comparison, the lowest
modulus of Syn-anti is because of its large bond angles and flexible
spring-like configurations, which makes it softer and easier to be
stretched than others. Similarly, Anti exhibits a smaller modulus
than Syn.

The tensile failure stress of all studied CSNTs is collected in
Fig. 2c. It also shows a molecule-dependent result, similar to pre-
vious studies of CSNTs [9] and CNTs [10]. Following the order from
the highest to the lowest value, they are sorted as: Anti
(111 GPa) > Syn (88 GPa) > Syn-anti (76 GPa). Commonly, the
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tensile strength of nanomaterials is highly relevant to the number
of effective cross-sectional covalent bonds. Except for the sulfur
atoms, the carbon skeletons of all CSNTs are completely the same
and show two effective C—C bonds in the cross-section, when they
are stretched to the utmost limit of their ductility. The differences
between them are related to the S-doped branch of CSNTs. For the
structure of syn and syn-anti, the sulfur atoms are uniquely ar-
ranged on one side, resulting in the electrons distribution of two
bonded carbon atoms deviating from the axial wire of C—C bonds,
thereby weakening C—C covalent bonds. For the structure of anti,
however, the location of sulfur atoms has negligible impact on
electrons distribution of C—C covalent bonds due to their homo-
geneous arrangement in the molecule, thereby producing high
tensile strength. On the view of 3-dimensional space, sulfur atoms
in Anti are distributed more evenly than the others. Such kind of
configuration forms the homogeneous interactions between atoms,
bonds, and angles on the spatial view, resulting in that there is no
apparent localized stress concentration. Therefore, it is the same
strength in anywhere of Anti, and the failure stress is likely to
perform a global property. In comparison, Syn-anti does not have
such equal interaction in its molecular structure. It exhibits weak
interactions between the bonds of two periodic units of Syn-anti,
where are easier to break than other bonds. Therefore, it is me-
chanically softer than others due to the non-homogeneous stress-
load bond configuration. For the same reason, Syn is the second
stiffest CSNT. The detailed information about bonds breaking will
be discussed in the following section. It should be noted that all
results are investigated under a temperature of 1 K, which means
that the effect of thermal kinetics was mostly eliminated. If the
temperature is taken into consideration, the value of Young's
modulus and failure stress of all CSNTs is different from each other.
More information will be shown in the following section.

3.1.2. Bond orders during the tensile tests

Bond orders (BOs) are the key parameter for an atom to evaluate
the state of its surrounding bonding, which are highly relevant to
bond breaking during tensile deformations. To achieve the detailed
information of the BOs, the real-time variation in the atomic BOs
following with the axial extension of all CSNTs is considered. Fig. 3
shows the total BOs of one carbon atom located at the end of the
breaking bond caused by tensile straining, where they are red-
highlighted. Before loading, the value of BOs in all selected car-
bon atoms is about 3.8, similar to the previous study [10]. It means
that the hybridization style of carbon atoms in all CSNTs is sp>-
bonding, rather than sp?>-bonding in graphene or CNTs>. For a single
carbon atom, it is in a typical motif surrounded by neighboring
atoms. As shown in Fig. 3, the total BOs-strain curves of the selected
carbon atom are strong non-linearity with variations. Those ten-
dencies can be briefly summarized as that the total BOs are slowly
decreasing with the straining before the bond breaking, then sud-
denly drop. Concretely, every CSNT undergoes various bond,
angular and torsional deformations, reflected on the different
evolutions of the total BOs during the loading process, which is
corresponding to sudden variations in the strain-BOs curves. Before
the failure, Anti shows several sudden drops of BOs with increasing
strain, while there is a slow reduction of BOs in the elongation of
Syn. There are two obvious up-down variations during the elon-
gation of Syn-anti. Notedly, as the strain reached the failure, Syn
shows a rapid increase of BOs, then holds around most same stress
before the failure. The increase of BO before failure in Fig. 3a is
because that there is the stepwise structural transformation of
bond configuration that is explained in Fig. S4. Their perfect
morphological symmetry leads to highly symmetrical mechanical
properties, which makes two C—C bonds located on the failure
position of CSNTs simultaneously broken, differing to the helical
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bond-breaking order of CNNTs [9]. After failure, the rest of the
broken CSNTSs recover their initial BOs.

Fig. 4 presents the snapshots of Anti at different strains as well
as the stress-strain curves under a temperature of 1 K. Anti shows
classical brittle fracture characteristics at ultra-low temperature
1 K. The colors of atoms are dependent on the value of their
inherent BOs. Apparently, a linear stress-strain relationship
appeared as an elastic regime in the strain range of 0.0—0.2, with a
slight change of the colors. The nearly same color of all carbon
atoms of Anti proves their similar BOs and excellent symmetry of
such kind of configuration. Intriguingly, increasing the strain makes
no increase of stress on the strain range of 0.23—0.35. The change of
color or BOs value on the carbon atoms is not obvious. This can be
attributed to the homogeneous extension and deformation of an-
gles & dihedrals of Anti. So, there is only stretching and no me-
chanical strengthening response. In the same strain range, Fig. 3a
also shows a flat curve with no change in the value of BOs. Here, the
snapshots exhibit that the carbon atoms bonding with sulfur atoms
show lower BOs than ones only bonding with carbon atoms or
hydrogen atoms. Even so, the brittle fracture occurs among carbon
atoms, when the stress reaches the failure value. At the strain of
0.49, two C—C covalent bonds are broken simultaneously into two
independent parts in the initial configuration of Anti. For compar-
ison, the snapshots of Syn and Syn-anti at different strains also are
shown in Fig. S5 and Fig. S6.

3.2. The role of temperature

3.2.1. Tensile performance of CSNTS

The thermal effect plays an important role in the mechanical
performance of CSNTs. In this study, a wide range of temperatures
have been considered. Aiming at understanding the thermal in-
fluence on the tensile properties of CSNTSs, the evaluations of stress-
strain curves at various temperatures are investigated and collected
in Fig. 5. The mechanical properties of CSNTs vary at various tem-
peratures. A temperature range of 1-1500 K is used for Anti's
tensile tests, while the temperature range of 1-1200 K and 1-700 K
are used for Syn and Syn-anti due to their thermal instability at
high temperatures. It is found that CSNTs exhibit an excellent and
stable mechanical property under elevated temperatures. In the
strain range up to 0.0—1.0%, Young's moduli of CSNTs are calculated,
as shown in Fig. 6. Generally, it is not a linear relationship between
elasticity and temperatures. Various temperatures lead to a slight
changing of Young's moduli of CSNTs except for the one of Syn at a
temperature of 500 K. The elasticity of CSNTs at the beginning of
elongation is quite stable and nearly independent of the tempera-
ture. Furthermore, all of them exhibit outstanding elasticity that
Anti, Syn, and Syn-anti possess Young's modulus around 300 GPa,
500 GPa, and 250 GPa, respectively. As is known, there is apparent
temperature-induced softening in the mechanical stiffness of
conventional materials. For carbon-based nanothreads, previous
studies revealed that there is no monotonic trend in Young's
moduli with temperature [9,22,26,54], however, the temperature
has a large influence on the failure strength and strain. For our
CSNTs, we found that tensile Young's modulus non-monotonically
varies with temperature. Similar to carbon nanothreads, there is
shortening and lengthening of the skeleton of CSNTs with
increasing temperature and the percentage of bond shortening/
lengthening is changeable with temperature, thereby resulting in
the non-monotonic change in Young's modulus with temperature.
Based on their lightweight and high elasticity, CSNTs are expected
to be a potential candidate for high-density mechanical energy
storage materials [55].

Furthermore, the variation of failure stress and rupture strain at
all temperatures are collected from Fig. 5 into Fig. 7a and Fig. 7b.
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Fig. 4. The strain-stress curve of Anti at temperature 1 K, and the snapshots of morphology at different strains. The colors of atoms are depended on the value of their bond orders.
(A colour version of this figure can be viewed online.)

The failure stress-temperature curves in Fig. 7a indicate that tem- 111 GPa at an extreme-low temperature of 1 K, it becomes weaker
perature affects distinctly the failure stress. Differing from elasticity when the temperature increases from 100 K to 1000 K. With the
performance, failure stress reduces with elevated temperature. increase of temperature, the failure stress reduces slowly, until a

Although Anti is robust with the maximum failure stress value of sudden decrease at ultra-high temperature. In terms of rupture
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Fig. 6. Young's moduli of the carbon sulfur nanothreads at different temperatures. (a) Anti, (b) Syn, and (c) Syn-Anti. (A colour version of this figure can be viewed online.)

strain in Fig. 7b, both Anti and Syn-anti become easier to be frac-
tured when the temperature increases. However, Syn shows a slight
increase in Young's modulus with the increase of temperature from
100 to 1000 K. Comparing with failure stress and rupture strain, the
stiffnesses of CSNTs are rarely dependent on the temperature,
which is analogous with DNTs [10,26] and CNNTs [9].

3.2.2. The effect of temperature on the BOs and bond length in
CSNTS

To explore the local chemical bond change of CSNTs during
increasing temperature, the variation in the BOs and bond length
with axial elongation under different temperatures are recorded.
Fig. 8 shows the BOs-strain curves of the local carbon atom where
bond-breaking happens in the robust Anti under temperature from
1 to 1500 K. The BO value highly fluctuates with elevated temper-
ature, corresponding with stress-strain curves of Anti. Unlike DNTs
[10,26] and CNNTs [9], the BOs of Anti show a relatively flat regime
before fracturing of the bond, then sharp drops at the fracture, at all
temperatures except for 1, 100 and 500 K. It implies that the local
carbon atom at the end of the fractured bond is always in a quite
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stable state before the fracture. This phenomenon is also verified by
the bond length change caused by the elongation. Fig. 9 plots the
relationships of bond length-strain of local fracture bond in robust
Anti at mechanical failure under temperature varying from 1 to
1500 K. The bond length curves of Anti indicate that the C—C bonds
in the skeleton are nonlinearly changed before mechanical fracture,
and it increases sharply at the failure. Based on the observation of
BOs and bond length, it shows that changes in BOs of local carbon
atom and bong length of C—C bond in Anti before failure stress are
insignificant compared with its global elongation strain. This sug-
gests that the stretching of local bond angles and dihedral angles
devotes the key contribution to the global mechanical elongation,
unlike DNTs and CNNTs in which their axial elongations are mainly
caused by angle, dihedral, and torsional deformations. The failure
stress of CSNTs depends on the strength of the C—C covalent bond
in their mechanical skeleton. In addition, Syn and Syn-anti also
exhibit similar mechanical performance with Anti, as the results
show in the supporting information (From Fig. S7 to Fig. S10).
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Fig. 8. Variation in the BOs of one carbon atom of Anti CSNT with axial strain at temperatures varying from 1 to 1500 K.

4. Conclusions

In summary, we investigated the tensile mechanical character-
istics of syn-, anti- and syn-anti thiophene-based CSNTs by
applying MD simulations with a first-principles-based ReaxFF
forcefield. This work puts emphasis on the effect of morphology
and temperature on the tensile mechanical properties. Similar to
conventional DNTSs, the tensile properties of CSNTs are dependent
on both morphology and temperature. CSNTs exhibit outstanding
mechanical properties including high tensile Young's modulus
(221-681 GPa), strong axial tensile strength (up to 110 GPa), and

excellent ductility (up to 50%). As the ultra-thin carbon nano-
threads, CSNTs show different tensile mechanisms, differing from
the previously studied carbon nanothreads. The results reveal that
there are slight changes in BOs and bond length in CSNTs with
loading elongation before failure. The stretching of the bond angles
and dihedral angles in the main skeleton contributes to the main
part of the global tensile strain. Due to the highly global symmetry
of configuration, simultaneous bond-breaking happens in the car-
bon skeleton of CSNTs. But this deformation doesn't include
torsional deformation. The upper limit of the strength of CSNTs
primarily relies on the strength of C—C covalent bonds located on
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Fig. 9. Variation in a localized bond length with globally axial strain for Anti CSNT at temperatures ranging from 1 to 1500 K.

the carbon skeleton. With a superior lightweight, global symmetry
and outperforming mechanical properties, CSNTs are expected to
be a potential material candidate related to symmetry-dependent
piezoelectricity or of high-density mechanical energy storage.
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