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1. Introduction

Carbon nanowires made by the insertion-and-
fusion method toward carbon—hydrogen
nanoelectronicsy

Fu Liu,® Qingging Wang,® Yuchao Tang,? Wan Du,® Weiwei Chang,® Zewei Fu,®
Xinluo Zhao (22 and Yi Liu () *0€

Carbon nanowires (CNWs), long linear carbon chains encapsulated inside carbon nanotubes, exhibit sp
hybridization characteristics as one of one-dimensional nanocarbon materials. The research interests on
CNWs are accelerated by the successful experimental syntheses from the multi-walled to double-walled
until single-walled CNWs recently but the formation mechanisms and structure—property relationships of
CNWs remain poorly understood. In this work, we studied the insertion-and-fusion formation process of
CNWs at an atomistic level using ReaxFF reactive molecular dynamics (MD) and density functional theory
(DFT) calculations with particular focus on the hydrogen (H) adatom effects on the configurations and
properties of carbon chains. The constrained MD shows that short carbon chains can be inserted and
fused into long carbon chains inside the CNTs due to the van der Waals interactions with little energy bar-
riers. We found that the end-capped H atoms of carbon chains may still remain as adatoms on the fused
chains without C—H bond breaking and could transfer along the carbon chains via thermal activation.
Moreover, the H adatoms were found to have critical effects on the distribution of bond length alternation
as well as the energy level gaps and magnetic moments depending on the varied positions of H adatoms
on the carbon chains. The results of ReaxFF MD simulations were validated by the DFT calculations and
ab initio MD simulations. The diameter effect of the CNTs on the binding energies suggest that multiple
CNTs with a range of appropriate diameters can be used to stabilize the carbon chains. Different from the
terminal H of carbon nanomaterials, this work demonstrated that the H adatoms could be used to tune
the electronic and magnetic properties of carbon-based electronic devices, opening up the door toward
rich carbon—hydrogen nanoelectronics.

sp® or sp® hybridized nanocarbons via crosslinking reactions
and cycloaddition.”” The key to successful experimental syn-

As one of true one-dimensional (1D) allotropes of carbon with
sp hybridization, carbyne has attracted increasing interest due
to its outstanding mechanical properties such as extremely
high stiffness and Young’s modulus as well as tunable
electronic properties and thermal properties predicted theo-
retically."™* However, the isolated carbyne is unlikely to exist at
ambient conditions due to the tendency to form more stable
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thesis of carbyne is to utilize confinement or constraint for
stabilization. Although carbyne-like linear carbon chains
(LCCs) can be stabilized by end-capped functional groups and
graphyne-type materials,®® the lengths of LCCs are still very
limited.'®™* The preparation of stable long LCCs (LLCCs)
remained as a barrier for the property investigations and appli-
cations. The synthesis of carbon nanowires (CNWs) utilizing
carbon nanotube (CNT) confinement provide a reliable
approach for the bulk production of LLCCs.'* The CNWs can
be regarded as LLCCs encapsulated inside the hollow core of
CNTs. The confinement of CNTs offers an effective protection
for LLCCs to avoid the crosslinking reactions, making the
stable existence of carbyne possible.'*

According to the number of layers of outer CNTs, CNWs
can be classified as single-walled carbon nanowires
(SWCNWs), double-walled carbon nanowires (DWCNWs), and
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multi-walled carbon nanowires (MWCNWs)."> Since MWCNWs
were first discovered in 2003 by Zhao et al.,"” the synthesis and
preparation of CNWs have achieved significant progress. In
2006, Endo et al. observed the carbon chains induced resonant
Raman mode located at 1855 cm™" in DWCNTSs after heat treat-
ment.'® Using the arc discharge technique in a He atmo-
sphere, Cazzanelli et al. prepared MWCNWSs in 2007 and dis-
cussed the temperature-driven phase transition of LCCs."”
Using H arc discharge production of DWCNTs followed by
high-temperature treatments, Shi et al. grow LLCCs success-
fully inside the DWCNTs, leading to the formation of
DWCNWs in 2011.'® Zhao et al. investigated the fusion reac-
tions of linear C;o,H, molecules and realized the high tempera-
ture induced formation and growth of LLCCs inside the
DWCNTs in 2011.'° Later, the pressure induced Raman spec-
trum changes of LLCCs inside the multi-walled CNTs
(MWCNTs) were reported by Andrade et al>® Until 2015, the
existence of LLCCs within the innermost nanotubes of
MWCNTs was confirmed via cross section image by Andrade
et al., providing unambiguous evidence to the long-standing
debate on the existence of CNWs.?! Furthermore, Shi et al.
reported very long LCCs composed of more than 6000 carbon
atoms stabilized by the confinement of DWCNTs."

The continuous improvement for the high-yield growth of
MWCNWs drive the further researches on LLCCs and
carbyne.>?*** The existence of outer CNTs influences the
structures and physical properties of LLCCs and thus hinders
the direct characterization of LLCCs.>” The SWCNWs make the
direct measurements of many properties of LLCCs possible. In
2018, Shi et al. reported the extraction of SWCNWs from
DWCNWs.?® The successful separation of SWCNWs offered a
possibility toward the isolation of LCCs from CNTs. Toma
et al. presented the preparation of SWCNWs, DWCNWs, and
MWCNWs using electrical arc discharge techniques.”® Chang
et al. synthesized SWCNWs by insertion followed by the heat
treatment of polyynes inside the SWCNTs at 700 °C, providing
a controllable method for the mass-production of SWCNWs
with diameters ranging between 7.0-9.5 A.>” The great suc-
cesses achieved in the synthesis and preparation of CNWs
provide the opportunities for the property investigations in
experiments, such as the electronic properties,*®*° mechanical
properties,®® and vibrational characteristics.*'**

The computational study at an atomistic level provides fun-
damental understanding on the properties of CNWs. Chen
et al. calculated the electronic and transport properties of
SWCNWs using tight-binding (TB) method and revealed the
effect of encapsulated LCCs on (8, 0) SWCNT.** CNWs have
been studied extensively via density functional theory (DFT)
including structural and electronic properties,*>**~*® mechani-
cal properties,*® and optical properties.>® In 2016, Shi et al.
predicted and confirmed experimentally that the optimum dia-
meter of CNT is about 7.1 A for the growth of LLCCs."

Molecular dynamics (MD) enables the simulations of
dynamic evolutions on large systems over long time scales and
thus provide crucial dynamic information at a lower cost com-
pared with DFT calculations. In 2011, Zhao et al. investigated

6144 | Nanoscale, 2023, 15, 6143-6155

View Article Online

Nanoscale

the fusion reactions of LCCs inside the DWCNTSs using TB-MD
simulations.'® Moreover, the effect of pressures,”® tempera-
tures, diameters of CNT,*® and catalysts' on the formation of
LCCs inside CNTs were also studied using reactive force field
(ReaxFF) method. The simulations focused on the possibilities
of the formation of CNWs from the thermodynamics point of
view was also reported by our group previously using ReaxFF.>’
Although the growth process of LLCCs inside CNTs has been
investigated both experimentally and theoretically,'®2%:>210742
the formation mechanisms especially the detailed dynamics of
growth process and refined configurations of carbon chains
inside CNTs are still elusive from kinetic point of view.

Regarding to the H effects on nanocarbon materials, most
existing simulations focus on the edge H atoms if any that
intrinsically exist to saturate the dangling bonds of the edge
carbon atoms. The single C atom**** and carbon dimer*>*°
without H atoms have often been used as the precursors and
building blocks in the simulations of nanocarbon growth. The
ignorance of H atoms is understandable because the naked C
atoms without H are more easily to bind and grow to bigger
species at short time scale of simulations, plus the simplicity
of configuration construction avoiding the introduction of
additional degree of freedom. This H-free assumption has
been considered valid for years since the final products often
do not have internal H adatoms or are not carefully confirmed
due to the challenge of locating light H atoms in experiments.
Theoretically speaking, it would be energetically favorable
that H adatoms turn the C-C orbital hybridization of 1 D
carbon chains from original sp to the more stable sp locally.
However, what process can lead to the formation of the H
adatom configurations and what the consequence of these H
adatoms on the configurations, electronic, and magnetic pro-
perties are still poorly understood. Specifically, the effects of
the residual H adatoms on fused LCCs have not yet been fully
explored.

In this work we carried out reactive MD simulations of the
formation mechanisms of CNWs using ReaxFF force field with
the parameters developed in our group. ReaxFF force fields,
one of most widely used reactive force field, have been exten-
sively applied to study the chemical reactions of various
organic and inorganic systems, especially for hydrocarbon
systems that mainly involve C-H bond breaking and
formation.?’~** Both the insertion and the fusion reactions of
carbon chains inside CNTs were investigated using con-
strained MD simulations, respectively. The evolution of con-
figurations during the fusion process of carbon chains inside
CNTs were described by ReaxFF MD simulations followed by
the verification of DFT calculations. Our simulations demon-
strated that carbon chains can move into the CNTs and then
fuse together spontaneously when the diameters of the CNTs
favor the attractions of van der Waals (vdW) interactions. The
effects of end-capped H atoms and H adatoms after chain
fusion were particularly studied. We found that the H adatoms
diffuse along carbon chain dynamically without C-H bond
breaking, making the end C-C fusion energetically more
easily. The effects of the diameters of the CNTs were also

This journal is © The Royal Society of Chemistry 2023
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investigated. The insertion-and-fusion mechanisms of CNWs
formation provide a theoretical basis for optimizing the experi-
mental synthesis, characterization, and applications of CNWs.
Different from the terminal H used for saturation, the H
adatoms of carbon chains can be used as an effective tuning
strategy for the so-called carbon-hydrogen nanoelectronics.

2. Computational methods

All the MD simulations reported in this work were performed
using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS)>® package with a ReaxFF module.”**> In
the MD simulations we used the all-carbon ReaxFF reactive
force field ReaxFFc-S22 developed for various carbon allo-
tropes in our group recently. The detailed description of
ReaxFF-S22 will be described elsewhere. Firstly, energy mini-
mization for the studied systems were carried out at 0 K. Then
constrained MD were performed by fixing the distance
between the given constraint atoms. The temperature was
ramped up to the target value within 1.0 ps in a canonical
(NVT) ensemble followed by the equilibrium NVT-MD simu-
lations for 500 ps. The temperatures were controlled using the
Nosé-Hoover thermostat.”® The statistical results were analyzed
for the last 200 ps trajectories. The experimental synthesis of
CNWs was reported by Chang et al. where the heat treatment
was operated at 700 °C,”” so the temperature of 973 K was
used in the MD simulations of this work.

The other constraint simulation methods are discussed
and compared as follows: (1) the frozen atom method would
fix the full coordinates of atoms that could introduce more
artificial effects on the energy barriers since the end atoms
may rotate before fusion. In our constrained MD, only the dis-
tances were fixed and the atoms were allowed to move freely
that minimized the artificial effects. (2) Nudged elastic band
(NEB) method is more suitable to find minimum energy
paths with saddle points for complex reaction paths.”’*® The
CNW formation has well-defined 1D reaction coordinate with
little energy barriers that has more clear physical insights
into the formation mechanism. (3) the constrained MD is
equivalent to scan the potential energy surface along the
most critical one-dimensional (1D) migration direction in a
flexible way. The confinement of CNTs reduced the degrees of
freedom of the carbon chains, leading to the reaction path
limited to the quasi 1D case. Therefore, the distance con-
straint MD is a suitable method to study 1D fusion dynamics
in this work.

Density functional theory (DFT) calculations and ab-initio
molecular dynamics (AIMD) simulations were carried out
using The Vienna Ab-initio Simulation Package (VASP).>
Projector augmented wave (PAW) pseudopotentials®® were
applied to represent the electron-ion interactions. The general-
ized gradient approximation (GGA) in a form of Perdew-
Burke-Ernzerhof (PBE) was chosen for the exchange-corre-
lation functional.®® vdW interactions corrections were con-
sidered using the DFT-TS method.®* A kinetic energy cutoff of
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600 eV was employed for the plane-wave basis functions. The
first Brillouin zone (BZ) integration was performed using the
Monkhorst-Pack scheme® and 1 x 1 x 1 k-point mesh was uti-
lized. Periodic boundary conditions were applied with a
vacuum region greater than 15 A. Magnetic moments were con-
sidered to describe the systems with lone pair electrons. In the
DFT calculations, a convergence criterion of 1 x 107° eV was
adopted for the total energy difference in the self-consistent
field iterations. All the atomic positions except for the con-
straints if any were fully optimized until the Hellmann-
Feynman force component on each atom was less than 0.005
eV A~ In AIMD simulations, NVT dynamics was conducted at
973 K for 3.0 ps with a 1.0 fs time step. The temperature
control was achieved by using the Nosé-Hoover thermostat.>®
The convergence criterion for the total energy difference in
self-consistent field calculations was 1 x 10~ eV. The results
were analyzed statistically for the last 1.0 ps.

3. Results and discussion
3.1 Insertion process of CNW formation

To understand the insertion mechanism of CNWs, we simu-
lated the process of inserting a CgH, chain into (6, 5) CNT at
973 K. The host (6, 5) CNT had a finite length of about 50 A
whose edges were saturated with H atoms. The constrained
MD were performed by fixing the distance (d) between the
end of CgH, and the edge of the CNT. Then, we define d < 0
when the CgH, is located outside the CNT while d > 0 when
the CgH, moves into the CNT [Fig. 1(a)]. Using the infinite
large separation as a reference, the relative energies of CNT
and chain systems were plotted as a function of separation d
during the insertion process [Fig. 1(b)]. When the CgH, was
located far from the CNT, there is little interaction between
CgH, and CNT, indicated by the small relative energies close
to the reference energy. When the CgH, approached the CNT
edge (d = 0), the relative energy of the system began to drop
due to the attractive vdW interactions between CgH, and
CNT. As the chain was moving into the CNT, the relative
energy of the system decreased linearly because of the larger
vdW interactions associated with the more inserted carbon
atoms. The distance of vdW interactions was ~3.8 A between
the CgH, and the CNT wall, same as the empty CNT before
the insertion. When the CgH, moved into the CNT comple-
tely (d ~ 15 A), the system reached its lowest energy (AE =
—2.50 eV), meaning that the vdW interaction energy is ~0.3
eV/C atom between the C chain and the CNT. The energy
profile during the insertion process indicates that carbon
chains can be inserted into the CNTs with little energy
barrier if the diameters of the CNT favor the attractive vdW
interactions.

3.2 Fusion process of CNW formation

Since the insertion of a carbon chain into CNTs is energeti-
cally barrierless, multiple carbon chains may be absorbed
into one CNT. We now studied the fusion process of two
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Fig. 1 (a) Snapshots of a CgH, insertion into the (6, 5) CNT. (b) Relative
energy profile during the insertion process with an infinite separation as
a reference. The total energy of CgH, inside the CNT was 2.50 eV lower
than that outside the CNT.

carbon chains inside (6, 5) CNT by constrained MD. We con-
sidered various constraint conditions to examine the fusion
process. By fixing the distance (dc.c) between two end C
atoms of the CgH, chains [Fig. 2(a)], we performed con-
strained MD at 50 K and 973 K, respectively. The relative
energies were plotted as functions of dc ¢ [Fig. 2(b)]. The
energy remains unchanged when d¢ ¢ is between 10.0-3.5 A,
indicating that there is little interaction between two CgH,
chains far each other. As d¢_¢ decreased further, the repulsive
interactions between the two end-capped H atoms of the
chains led to the energy increase of the system. The
maximum energy barrier was 0.39 eV when d¢ ¢ = 2.6 A. As
the dc_c decreased further, the energy suddenly dropped
mainly due to the attraction between two end C atoms of the
CgH, chains. The two constrained end C atoms overcame the
energy barrier and formed C-C covalent bond, leading to the
coalescence of two CgH, chains into a C;¢H, chain inside (6,
5) CNT. The minimum energy of the coalesced C;sH, at (6, 5)
CNT was —3.26 eV when dc.¢ = 1.4 A, indicating that the
fusion energy from C-C bond formation is approximately 10
times larger than the insertion vdW interaction ~0.3 eV/C
atom. The two end-capped H atoms still kept their bindings
with the end C atoms at the middle of the chain. The system
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energy increased again if dc ¢ decreased further mainly due
to the repulsive interaction between the too close end-capped
carbon atoms. To examine the temperature effect, we also
simulated the fusion process at a low temperature 50 K. The
trend of the energy changes at 50 K is similar to that at
973 K except that the energy barrier at 50 K is 0.57 eV higher
when d¢ ¢ = 2.2 A. As shown in Fig. 2(b), the higher tempera-
ture would facilitate the fusion process starting at further dis-
tance with lower energy barrier. At high temperature the large
kinetic energy prompts the rotation of C-H bonds that favors
the C-C bond formation in the fusion reactions. The energy
barriers in Fig. 2(b) were mainly caused by the repulsive inter-
actions between H atoms.

To examine the influences of the different reaction coor-
dinates on the minimum energy paths, we considered other
possible constrained pairs atoms during fusion processes,
e.g., H-H and C-H pairs besides the C-H pairs discussed
above. We carried out the constrained MD by fixing the dis-
tance between two end-capped H atoms of the CgH, chains
(du-n) [Fig. 2(c)]. The relative energies were plotted as func-
tions of the constrained dy_i and corresponding non-fixed
dc-c in Fig. 2(d). The energies remained unchanged when
dpp = 10.0-4.0 A due to little interactions between the two
far separated chains. Different from the case of the C-C con-
straint, however, there was little fusion energy barriers
under H-H constraints. This comparison implied that the
small energy barriers under the C-C constraint might come
from the hindrance of H-H repulsion during the C-C
fusion. When dy;y; is large [stage I in Fig. 2(d)], both the
end C-H bonds are parallel to the carbon chains. As dy y
decreased to 3.2 A [stage II in Fig. 2(d)], the H-H repulsion
and thermal vibration rotated the two C-H bonds to the
opposite directions to minimize H-H repulsion. The C-H
bond rotation facilitated the C-C fusion and the non-fixed
dc_c decreased suddenly from 5.9 A to 1.4 A, reaching the
optimal equilibrium C-C bond length of sp® hybridization.
If dy_u decreased further, the energy increased due to the
repulsive interaction between the closed H atoms while d¢ ¢
remained the same since the completion of the C-C bond
formation.

In the fusion simulations discussed above, the ends of
carbon chains were saturated using H atoms that is a reason-
able model in low-temperature experiments. CNWs also can be
synthesized in vacuum and inert gas at high
temperatures'>>*®* where carbon chains may also exist
without end caps. To examine the fusion reactions without the
end-capped H atoms, we performed constrained MD simu-
lations along the other reaction coordinates (Fig. S11): (1) the
distance of C-H bond between CgH and CgH, chain; (2) the
distance of C-C bond between two CgH chains. The end C
atom of the CgH chain was not saturated by H before fusion.
The C chains with unsaturated end C atoms fused more early
at further distances with much larger energy drop compared
with the C chains with the H saturated ends. There are always
little energy barriers for the fusion of C chains despite with
saturated or unsaturated ends.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Schematic model of the fusion process of two CgH, chains inside (6, 5) CNT. The distance (dc_c) between two end carbon atoms of the
CgH, chains was constrained (in green). (b) Relative energies as functions of dc_c at 50 K and 973 K. (c) The distance (dy_p) between two end-
capped H atoms of the CgH, chains was constrained (in purple). (d) Relative energies as functions of dy_y at 973 K. The insets in (b) and (d) are
typical configurations during the fusion process, and the CNTs are hidden for clear visual inspection.

3.3 Configurations of carbon chains with hydrogen adatoms

Since carbon chains can be inserted into the CNTs and sub-
sequently fused together, the configurations of fused carbon
chains inside CNT need to be clarified upon the understand-
ing of the insertion-and-fusion process. Several typical con-
figurations of carbon chains inside a finite (6, 5) CNT were
considered [Fig. 3(a)]. The isolated carbon chains without
CNTs were also calculated for comparison [Fig. 3(b)]. In
general, the fused carbon chain is thermodynamically more
stable than that of two separated CgH, chains inside CNT
(2CgH,@CNT) [Fig. 3(a)]. Specifically, the energy of a CisH,
chain inside CNT plus an isolated H, (C;sH,@CNT + H,) is
0.67 eV lower than that of 2CgH,@CNT, in consistent with
our previous calculations.”” The energies of C;¢H, chains
inside the CNT were even lower, despite the two H adatoms
sit at the middle of the chain (C;¢H,-m) or transfer to the
ends of the chain (C;6H,-e). Moreover, C;cH,-e@CNT is the
most thermodynamically stable configuration with the relative
energy of —4.34 eV. This indicated that the fusion reactions
of carbon chains inside CNT did not necessarily break C-H
bonds and produced H, molecules as most previous theory
and experiments assumed. Instead, the short C chains pre-
ferred to form C;sH, chains without C-H bond breaking. The
results of the isolated carbon chains had the similar trends
[Fig. 3(b)] except that the carbon chains would bend without
the confinement of the CNT. These are consistent with our
previous results that CNTs can provide the radial confine-
ment to prevent polyyne molecules from crosslinking reac-

This journal is © The Royal Society of Chemistry 2023

tions and offer an alignment effect along the narrow axial
channel, increasing the probability of end-to-end fusion
reactions of carbon chains.”” The AIMD simulations and DFT
calculations were also performed on the isolated carbon
chains, and the qualitatively similar results [Fig. 3(c) and (d)]
further validated the conclusions obtained by the ReaxFF MD
simulations.

It has been commonly believed that the fusion of C chains
involves the C-H bond breaking that produces an isolated H
atom. The two isolated H atoms then form a H, molecule that
moves out of CNT eventually. However, our simulations found
that the C-H bonds did not necessarily break and the H atoms
remained on the C chains as H adatoms. To confirm this pre-
diction, we further carried out MD and DFT calculations on
the effects of C-H bond breaking that are often ignored pre-
viously. Fig. 3(a) and (b) show the ReaxFF NVT-MD simulations
at 973 K on the C chains with and without C-H bond breaking
and CNTs, respectively. Compared with the two separated
CgH, chains, the separated C;cH, and H, system had lower
energies in spite of the existence of CNTs. However, if the C-H
bonds did not break, the C,;cH, chains had even lower ener-
gies. Moreover, the C;¢H, configuration where H adatoms are
all located at the chain ends (dubbed C;cH,-€) was much more
stable than the configuration having H adatoms in the middle
(dubbed C;¢H,-m). The results of AIMD by DFT at 973 K
[Fig. 3(c)] and DFT at 0 K [Fig. 3(d)] both supported and vali-
dated the trends predicted by ReaxFF MD in Fig. 3(a) and (b),
confirming that the order of stability remained the same
despite quantitative difference due to temperature effects. The

Nanoscale, 2023,15, 6143-6155 | 6147
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Fig. 3 ReaxFF MD simulations of various configurations of (a) carbon chains inside a finite (6, 5) CNT and (b) isolated carbon chains at 973 K. (c)
AIMD simulations and (d) DFT calculations of various typical configurations of isolated carbon chains at 973 K and 0 K, respectively.

residual H adatoms were also found in the C,H, addition
process during the formation of graphene, the so-called “Add
and Dehydrogenate” (ADh) mechanism.®

The long carbon chains would not fuse with the edge or the
wall of carbon nanotubes based on the discussions as follows.
(1) Chain-edge fusion: The insertion of chain into the tube
core is energetically barrierless as shown in the energy profile
in Fig. 1. Also, the chain insertion was driven by the significant
energy drop due to the attractive vdW interaction between

6148 | Nanoscale, 2023,15, 6143-6155

chain and tube. On the other hand, the chain is hard to fuse
with the edge because the chain end would have H-H repul-
sion with the saturated edges of CNT. In CNW the energy
barrier would be overcome and collision probability would
increase due to the confinement effects inside CNTs plus the
activation energy provided by the high temperature heat treat-
ment. Without the geometry confinement of CNT, the collision
probability between chain and edge would become extremely
low, so the chain-edge fusion could hardly occur from both
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thermodynamic and kinetic points of view. (2) Chain-wall
fusion: The fusion between chain end and tube wall is energe-
tically unfavorable mainly because the chain would deviate
from the optimal parallel alignment along the tube axis that
maximizes the attractive vdW interaction. The chain-wall
fusion would make the end C atoms of chain changed from sp
to sp> hybridization with downhill energy and the C atom of
wall changed from sp” to sp® hybridization with uphill energy.
The fusion-induced energy changes during Ccpain—Cwan bond
formation are smaller than the dominated energy penalty of
misalignment of long carbon chains off the tube axis, further
confirmed by the calculations below.

To examine the possibility of the fusion reactions between
carbon chains and CNT tube, we -carried out several
additional MD simulations on C;¢H, fusion with the (6, 5)
CNT wall [Fig. S2(c)-(e) of ESIf]. The result shows that the
chain-wall fusion configuration (C;s-CNT + 2H,) with two
generated H, molecules was unfavorable with very high posi-
tive energies, confirming again that the H, generation is un-
likely [Fig. S2(d) of ESIf]. The chain-wall fusion configuration
with one H, molecule [C;6H,-CNT + H, in Fig. S2(c) of ESI{]
had higher energy than the encapsulated chain configuration
(C16H,@CNT + H,) [Fig. S2(b) of ESIt]. The chain-wall fusion
configuration without H, generation [Fig. S2(e) of ESI{] was
energetically less favorable than the capsulated chain con-
figurations [Fig. 3(a)]. It is possible that the very short carbon
chain fuse with the CNT wall. Liu et al®' reported that
small carbon species with dangling bonds including carbon
chains and graphene sheets could react with the wall atoms
of CNT.

To examine the stability of H adatoms, we explored the
effect of higher temperatures on C;sH,-m@(6, 5) CNT with the
H adatoms located at the joint positions of the two short
chains [Fig. 4(a)]. The temperature of the systems increased

100 ps @02000% 3 oeneees
200 ps se®Seseodpe®eeses,
300 ps ce®? > tegiteq g0
400 ps ..c'"r“n“w
500 ps cosesbo sooesest,

100 ps *®og®**Sooecece
200 ps W
300 ps Peeessssegseses®”
400 ps Mﬂ"“
500 ps W

Fig. 4 (a) Schematic model of a CigHs-m chain inside a finite (6, 5)
CNT. Typical configurations during the NVT-MD simulations at (b)
2000 K and (c) 2500 K, respectively. The CNTs were hidden in (b) and (c)
for clear visual inspection.
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linearly to 2000 K and 2500 K, respectively, at a rate of 1.0 K
fs™'. Then the NVI-MD simulations were performed for
500 ps. The snapshots of the MD trajectories at 2000 K and
2500 K were shown in Fig. 4(b) and (c), respectively, where the
CNTs were hidden for clear visual inspection. At 2000 K
[Fig. 4(b)], the H adatoms vibrated at the joint positions at the
first 300 ps. Between 300-400 ps, one of the H adatoms trans-
ferred to form a bond with the other C atom. Subsequently,
the H adatom transferred to another C atom again between
400-500 ps. The H transfer along the chain was driven by the
thermal vibration of the system. In the MD simulations at a
higher temperature 2500 K [Fig. 4(c)], the C-H bonds broke
and formed more frequently and the H adatoms migrated
more easily along the fused carbon chain, leading to one H
atom moving from the center to the end. The H adatom trans-
ferred to and remained at the end of the C chain, while the
other H adatom continued to move along the C chain.
Statistically speaking, the other H atom may eventually migrate
to the end of chain. These high temperature MD simulations
demonstrated the thermodynamic limits shown in Fig. 3(a).
However, only the MD simulations at very high temperatures
and very long times could lead to the complete migration of H
atoms going from the center to the ends, which may not be
easily realized at the experimental conditions. Therefore, we
believe the H migrations are most likely incomplete and the H
atoms are distributed separately along the carbon chains at
the experimental conditions. The thermodynamically stable
configuration with two H at each end of carbon chain may be
obtained by other experimental approaches with higher energy
input in future.

The diffusion dynamics predicted by ReaxFF MD were
further validated by DFT calculations at 0 K on a series of H
adatom positions on the chains (Fig. 5). Moreover, DFT calcu-
lations were carried out to study the H adatom effects on the
electronic and magnetic properties of the C chains [Fig. 6(a)
and (b)]. The energy levels of the carbon chains with the
typical H adatom configurations are shown in Fig. S3 in the
ESIL.} The binding of the H adatoms with C atoms after C-C
bond formation led to local sp> hybridization at the joint posi-
tion. Such local hybridization change from sp to sp> would
have a long-range domino effect, e.g., inducing alternative
single and triple C-C bonds between the neighboring C atoms
that propagate along the C chain. To describe the various con-
figurations with different H atom origins, the H adatoms are
denoted as aH type while the terminal H atom as tH type.
According to the H origin types and their positions, we can
classify various configurations into several categories as
follows.

(1) Odd-Even-Odd (OEO) type: The Odd-Even-Odd (OEO)
type of configurations is defined if the number of C atoms
(N¢) between C-tH and C-aH is odd leading to the polyyne type
with alternative single and triple C-C bonds, and the N¢
between the two middle C-aH atoms is even leading to the
cumulene type with all double C-C bonds, e.g., 5-2-5, 3-6-3,
1-10-1 where the numbers represent the N¢ of different seg-
ments excluding the C atoms binding to the tH or aH
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[Fig. 5(a)]. The OEO types of configurations are energetically
stable without magnetic moments. The OEO types have the
cumulene middle segments with all double C-C bonds respon-
sible for electron conduction. If aH atoms are transferred
gradually to the ends of C chains, N of the cumulene seg-
ments increased while those of the polyyne segments
decreased [Fig. 5(a)]. These changes of bond length alternation
(BLA) reduced the HOMO-LUMO gaps [solid circles in
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Fig. 6(a)] that would increase their electron conductivity. On
the other hand, the intensity of Raman spectrum may decrease
because the Raman spectra are contributed by the segments of
the polyyne type between the C-aH and C-tH atoms. These
OEO types are probably the low energy configurations observed
in the experiments.

(2) Even-Even-Even (EEE) type: The Even-Even-Even (EEE)
type of configuration is defined if N between C-tH and C-aH
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Fig. 6 (a) HOMO-LUMO gaps and (b) relative DFT energies of typical types of CigH,4 chains including OEO, EEE, OOE, and aE types.

is even leading to the cumulene type with all double C-C
bonds, and N¢ between the two middle C-aH atoms is even
leading to the polyyne type with alternative single and triple
C-C bonds, e.g., 6-0-6, 4-4-4, 2-8-2, 0-12-0 [Fig. 5(b)]. The
EEE types of configurations are energetically less stable and
exhibit magnetic moments. If the aH atoms transfer to the
ends, the cumulene segments became shorter while the
polyyne segments became longer [Fig. 5(b)]. These changes of
BLA increased HOMO-LUMO gaps [up and down triangles in
Fig. 6(a)] that may reduce electron conductivities. The intensity
of Raman spectra may be enhanced because Raman spectra
are determined by the segments of polyyne type between the
two C-aH atoms. The non-magnetic OEO type and magnetic
EEE type could be switched by the H transfer via temperature
control experimentally.

(3) 0dd-Odd-Even (OOE) or Even-Odd-Odd (EOO) type: The
0dd-Odd-Even (OOE) type of configuration is defined if Ng
between C-tH and C-aH is odd on one side while N between
C-tH and C-aH is even on the other side, and N¢ between the
two middle C-aH atoms is odd [Fig. 5(c)]. In the OOE types of
configurations the C-C bonding exhibit alternative cumulene
and polyyne types, e.g., 5-3-4, 3-5-4, 3-7-2, 1-9-2 [Fig. 5(c)].
The OOE types of configurations are energetically less stable
and also exhibit magnetic moments [Fig. 6(a) and (b)]. If the
aH atoms transfer to the ends, the cumulene and the polyyne
segments switched each other that kept HOMO-LUMO gaps
having little change [Fig. 5(c)]. Accordingly, the electron con-
ductivity and Raman intensity may not change. These alterna-
tive cumulene and polyyne segments may play a role of P-N
junctions in nanoelectronics and thus be used to control direc-
tion of electric current.

(4) All-Even (aE) type: The All-Even (aE) type of configur-
ation is defined if the tH and aH atoms are bound to the same
end C atoms simultaneously and the N, between the C-aH (or
C-tH) atoms are even, e.g., dubbed -14- [Fig. 5(d)]. The aE type
of configurations has the cumulene bonding type with all
double C-C bonds that are Raman inactive modes. The aE type

This journal is © The Royal Society of Chemistry 2023

of chains is energetically most stable but the H adatom trans-
fer to the end C atoms needs to overcome high energy barriers
between 1.28-2.48 eV [Fig. 6(b)]. The mild experimental con-
ditions most likely lead to metastable H adatoms sitting in the
middle of the carbon chains.

According to analyses above, every H adatom transfer
along the C chain could cause the changes of configurations
as well as HOMO-LUMO gaps and magnetic moments. The
experimental confirmation on the existence of H on the
carbon chain was challenging using conventional electron
microscopy or C-H vibration spectrum method. However, the
H-induced changes of electronic and magnetic properties may
be possibly to be measured and verified experimentally. On
the other hand, one may induce H transfer via temperature
control or other methods that in turn tunes the electronic and
magnetic properties. Therefore, it is possible to use hydrogen
adatoms to tune the properties of carbon-based nanoelectro-
nics devices that can be called carbon-hydrogen (C-H) nanoe-
lectronics. The future sizes of electronic circuits would reduce
to below one nm that makes the precise doping control extre-
mely hard if not impossible. The designed H adatoms in C-H
nanoelectronics provide a new strategy to tune the electronic
properties of nanomaterials without the needs of doping. The
hydrogen adatom tuning strategy may be applied to other
nanocarbon materials and their associated electronic or mag-
netic devices.

3.4 Diameter effects on the binding energies of carbon
nanowires

We calculated previously”” the binding energies of CjcH,
chains inside finite CNTs with various diameters and chirality
using ReaxFF(;;0-2016.°" The MD simulations show that (6, 5)
CNT with a diameter of 7.6 A is optimal for growing carbon
chains. In this work we performed calculations on the CNT
diameter effects using in-house developed ReaxFFc-S22 at
300 K to examine the effects of force field parameters. As
shown in Fig. 7(a), the binding energy curves of C;cH, chains
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every MD step and the corresponding histogram of probability distribution of x- and y-coordinates.

as functions of CNT diameters were qualitatively similar
between ReaxFF-S22 and ReaxFFcpo-2016 and both predicted
the minimum energy at the CNT diameter of 7.6 A. The quanti-
tative differences include that ReaxFF--S22 predicted the larger
depth of energy well —4.51 eV and harder repulsion at short
distance. The MD results confirmed again that it is thermo-
dynamically stable for carbon chains to be inserted into the
CNTs whose diameters are favorable for the vdW interactions
despite the chirality and metallic/semiconducting properties,
consistent with experimental results.>”

The optimal CNT for insertion predicted in this work was
(6, 5) CNT with a diameter of 7.6 A, larger than the diameter
7.1 A predicted by DFT previously.'* The DFT prediction at 0 K
did not consider temperature effects and the distortion of flex-
ible C chains. The H adatoms would induce the local kink dis-
tortion of straight chains due to the sp” hybridizations. The
thermal energy at finite temperatures in MD simulations
caused C;cH, chains to vibrate and distort to some extent.
There should be a “free” moving zone for the easier vibration
and distortion of flexible chains in the CNT cores satisfying
overall optimal vdW interactions between the distorted chains
and CNTs. To characterize quantitatively the size of free
moving zone of chains, we projected the positions of all C
atoms of C;¢H, chains at every MD step onto the x-y plane as
plotted in Fig. 7(b). The histogram of probability distribution
of x- and y-coordinates were plotted in the top and right
panels, respectively. The Gaussian functions were used to fit
the probability distribution of the coordinates. According to
the predicted optimal CNT radius 3.8 A and the ideal vdw
interlayer distance of graphite 3.4 A, the core of free moving
zone core should have an average optimal radius of 0.4 A. Our
MD trajectory analyses show that the free moving zone with R
= 0.4 A encompasses 97% maximum height of Gaussian
distribution functions and 98% occurrence probability of
C chain atoms [Fig. 7(b)]. These mean that the majority of
C chain atoms stay within the free moving zone except that a
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very few atoms move into the repulsive vdW region via thermal
energy.

The MD simulations show that the CNTs with the radii
slightly larger than the ideal vdW interaction distance still can
protect and prevent the carbon chains from crosslinking reac-
tions. The free moving zone allows the carbon chains to have
enough room for vibration and distortion but not to rearrange
themselves to form sp> configurations. If the tube diameter is
too large, the CNT lose its confinement effect and carbon
chains tend to form sp” carbon materials via crosslinking reac-
tions. On the other hand, if the tube diameter is too small, the
carbon chains are hard to be inserted into the tube due to
repulsion.

Our MD simulations suggest that both ReaxFFc-S22 and
ReaxFFcpo-2016 predicted the similar optimal diameters of
CNW, confirming further the main conclusion in this study is
less sensitive to the force field parameters. More importantly,
this work reported two new results: (1) More accurate ReaxFF-
S22 predicted the deeper energy well and harder repulsion at
short distance of CNWs compared with ReaxFFcpo-2016; (2)
We proposed the existence of “free” moving zone of carbon
chains at the center of SWCNT while most previous studies
assumed the single ideal CNT radius with optimal vdW inter-
action. The CNTs with the radii slightly larger than the ideal
vdW interaction distance suggested that the choices of CNT
diameters can be broader in the insertion-and-fusion experi-
mental preparation, providing a guidance for the CNT precur-
sor selection in the experimental synthesis of CNWs. Indeed
the SWCNWs prepared in the experiments are observed to
have a range of diameters between 7.0-9.5 A.%”

4. Conclusions

This work studied the insertion and fusion processes of
carbon chains inside CNTs by ReaxFF molecular dynamics
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and DFT calculations, providing theoretical evidence of inser-
tion of carbon chains into CNTs to form carbon nanowires,
consistent with recent experimental synthesis. Our MD simu-
lations show that the thermodynamically optimal CNTs have a
free moving zone to encapsulate the distorted carbon chains
that leads to a range of candidate CNT diameters for the
carbon chain insertion. The constrained MD simulations show
that both the insertion and fusion processes are energetically
barrierless, indicating that the formation of carbon nanowire
is kinetically a spontaneous process.

The analyses of configurations of fused carbon chains
show that the end-capped H of short C chains remained as
residual adatoms on the fused C chains rather than the C-H
bond breaking and formation of H,. The H adatoms could
transfer along the C chains via thermal activation. Depending
on the varied positions of H adatoms on the C chains, there
are several distribution types of bond length alternation,
leading to the different HOMO-LUMO energy gaps and mag-
netic moments. Therefore, the electronic and magnetic pro-
perties of carbon chains can be tuned accordingly upon the
H adatom transfer. The H adatoms discussed in this work
have rich configurations, bonding characteristics, and influ-
ences on electronic and magnetic properties different from
the terminal H of carbon nanomaterials for the saturation of
the dangling bonds. This work provides a theoretical basis for
the design of novel carbon-hydrogen nanoelectronic devices
in future.
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