CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Extraordinary mechanical performance in charged carbyne

Yong-Zhe Guo(Z 7 ), Yong-Heng Wang (V7K ¥7), Kai Huang(#£ #1), Hao Yin(F5i)", and En-Lai Gao( & B >K)*
Citation:Chin. Phys. B, 2022, 31 (12): 128102. DOI: 10.1088/1674-1056/ac7bf8
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Stability and optoelectronic property of low-dimensional organic tin bromide

perovskites

JH Lei(75 ZE#%), Q Tang(i%35), ) He(fTZE), and M Q Cai(%% 7 8K)
Chin. Phys. B, 2021, 30 (3): 038102.  DOI: 10.1088/1674-1056/abc545

Dependence of mechanical properties on the site occupancy of ternary alloying

elements in y'-Ni;Al: Ab initio description for shear and tensile deformation

Minru Wen(SC817), Xing Xie(1512%), Huafeng Dong(ZE #£4%), Fugen Wu(3=48 %), Chong-Yu Wang(F 52 /&)
Chin. Phys. B, 2020, 29 (7): 078103. DOI: 10.1088/1674-1056/ab8a38

Prediction of structured void-containing 1T-PtTe, monolayer with potential catalytic

activity for hydrogen evolution reaction

Bao Lei(75 ), Yu-Yang Zhang(5K 42 ), Shi-Xuan Du(f1 &)
Chin. Phys. B, 2020, 29 (5): 058104.  DOI: 10.1088/1674-1056/ab8203

Germanene nanomeshes:Cooperative effects of degenerate perturbation and uniaxial

strain on tuning bandgap

Yan Su(3), Xinyu Fan(J51 %)
Chin. Phys. B, 2017, 26 (10): 108101. DOI: 10.1088/1674-1056/26/10/108101

Fluctuations of electrical and mechanical properties of diamond induced by interstitial

hydrogen

Zhuang Chun-Qiang (£ % 5#), Liu Lei
Chin. Phys. B, 2015, 24 (1): 018101. DOI: 10.1088/1674-1056/24/1/018101


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac7bf8
https://doi.org/10.1088/1674-1056/ac7bf8
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abc545
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abc545
https://doi.org/10.1088/1674-1056/abc545
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab8a38
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab8a38
https://doi.org/10.1088/1674-1056/ab8a38
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab8203
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab8203
https://doi.org/10.1088/1674-1056/ab8203
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/10/108101
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/10/108101
https://doi.org/10.1088/1674-1056/26/10/108101
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/24/1/018101
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/24/1/018101
https://doi.org/10.1088/1674-1056/24/1/018101

Chin. Phys. B 31, 128102 (2022)

SPECIAL TOPIC — The third carbon: Carbyne with one-dimensional sp-carbon

Extraordinary mechanical performance in charged carbyne

Yong-Zhe Guo(538%§ %), Yong-Heng Wang(E7k#7), Kai Huang(3 ),
Hao Yin(7 )", and En-Lai Gao(& & 3#)*
Department of Engineering Mechanics, School of Civil Engineering, Wuhan University, Wuhan 430072, China

(Received 6 April 2022; revised manuscript received 22 June 2022; accepted manuscript online 27 June 2022)

Carbyne, the linear chain of carbon, promises the strongest and toughest material but possesses a Peierls instability
(alternating single-bonds and triple-bonds) that reduces its strength and toughness. Herein, we computationally found
that the gravimetric strength, strain-to-failure, and gravimetric toughness can be improved from 74 GPa-g~'-cm?, 18%,

and 9.4 kJ-g~! for pristine carbyne to the highest values of 106 GPa-g~

.em3, 26%, and 19.0 kJ-g~! for carbyne upon

hole injection of +0.07 e/atom, indicating the charged carbyne with record-breaking mechanical performance. Based on
the analyses of the atomic and electronic structures, the underlying mechanism behind the record-breaking mechanical
performance was revealed as the suppressed and even eliminated bond alternation of carbyne upon charge injection.

Keywords: charged carbyne, first-principles calculations, strength and toughness, bond alternation

PACS: 81.05.U-, 36.20.Hb, 33.15.Fm

1. Introduction

Carbon allotropes have been widely explored and used
in various fields of science and technology for the last few
decades. In addition to the well-known two-dimensional (2D)
graphene!'?! and three-dimensional (3D) diamond,** one-
dimensional (1D) carbon chains, carbyne, has also attracted

increasing attention, -]

since carbyne with an extreme struc-
ture has been predicted to have extreme properties.”~!!) How-
ever, carbyne has a higher energy than graphite carbon be-
cause of sp! hybridization, making the fabrication of such ma-

12-14] Fortunately, carbyne formed at high

terial challenging.!
temperatures and pressures was indicated in interstellar dust
and meteorites,[!>18] and experimentalists have developed
several methods for fabricating carbyne chains or segments,
such as bulk production of long carbyne chains inside double-
walled carbon nanotubes, ' deriving carbyne segments from
graphene,?”) synthesis of confined carbyne,*!! and synthe-
sis of carbyne on metal surface or within evaporating liquid
carbon. 12223

Mechanical strength and toughness are of fundamental
importance for applications of carbyne, such as assembling
strongest fibrous materials!** and constructing angstrom-
scale devices.>>?®! For example, Gao et al.”*! proposed a
carbon assembly including a large carbyne bundle that is con-
fined within a carbon nanotube sheath, in which the nanotube
sheath protects the carbyne bundles against reaction, while
the carbyne chains act as stiffening structures. The highest
Young’s modulus and gravimetric Young’s modulus of this as-
sembly were determined as 1505 GPa and 977 GPa-g~'-cm?,
much higher than any known fibrous materials. This ultra-
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high performance of the assembly mainly results from the ex-
treme mechanical properties of carbyne chains that have been
well identified from both calculations and experiments. Liu et
al.!"! first-principles calculated that the breaking force of car-
byne chains is as high as 11.7 nN, corresponding to a tensile
strength of 2500 GPa when a diameter of 0.77 A was used
and gravimetric strength of 75 GPa-g~!-cm?. Mikhailovskij et
al.’® in-situ measured the breaking force of carbyne chains as
11.2 nN, corresponding to a tensile strength of 245 GPa when
a diameter of 2.4 A was adopted and gravimetric strength of
72 GPa-g~!'-cm?. These results indicate the breaking force and
gravimetric strength of carbyne chains obtained from high-
field calculations and experiments are generally consistent,
while the reported tensile strength of carbyne chains are con-
troversial mainly because of the variations in determining the
cross-sectional area.>”] To avoid such controversy and make
comparison with other materials, we use gravimetric mea-
sures, e.g., gravimetric strength, to quantify the mechanical
performance in this work.

The predicted gravimetric strength (74 GPa-g~'-cm?)
and gravimetric toughness (9.4 kJ-g~!') of carbyne chains
are much greater than any known carbon allotropes, includ-
ing diamond (24 GPa-g~'-cm? and 2.0 kJ-g~!) and graphene
(51 GPa-g~'-cm? and 8.8 kJ-g~1).?®) The underlying mech-
anism is that chemical bonds of carbyne chains are stiff and
aligned in the same direction, which endows carbyne with the
mechanical supremacy over other materials. However, the
stable form of carbyne (—-C=C-) contains alternating weak
single-bonds and strong triple-bonds,!”-?->-32] and the bond

alternation increases with tensile strains, known as a Peierls

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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instability, which ultimately causes the premature fracture of
carbyne from the breaking of long and weak bonds. "]
Although the bond alternation greatly reduces the me-
chanical performance of carbyne, it still holds the records for
the strength and toughness of materials. If the bond alter-
nation can be eliminated for carbyne chains, these records
of mechanical performance can be further improved. Con-
sidering that the bond alternation of carbyne originates from
the electron density distribution between atoms, we wonder
whether the electron density distribution can be engineered to
suppress and even eliminate the bond alternation. Fortunately,
Casari et al.’3 experimentally indicated that the bond length
alternation of charged carbon-atom wires decreased. More
recently, it was found that graphene,>* graphene oxide, !
phosphorene,”! and Ti,C MXene*®! upon charge injec-
tion exhibit extraordinary electromechanical actuation perfor-
mance, and the mechanical properties of such materials can be

(36,37

modulated by charge injection. I Several charge injection

methods have been reported, such as immersing carbon nan-

otube in an electrolyte and apply potential,3®!

charge transfer
between carbon wires and metal nanoparticles,[”] and nitro-
gen doped carbyne.[*?! These results provide an indication for
obtaining record-breaking mechanical performance by charge-
engineering carbyne chains.

In this work, we investigated the mechanical perfor-
mance of charged carbyne by using first-principles calcula-
tions. It was found that the gravimetric strength, strain-to-
failure, gravimetric toughness, and breaking force can be im-
proved from 74 GPa~g_1'cm3, 18%, 9.4 kJ-g_l, and 11.5 nN
for pristine carbyne to the highest values of 106 GPa-g~!'-cm?,
26%, 19.0 kJ-g‘l, and 16.5 nN for charged carbyne, mak-
ing the charged carbyne the strongest and the toughest ma-
terial. The mechanism analyses of bonding pattern and elec-
tronic structures show that the bonding alternation of carbyne
under tension is suppressed and even eliminated by charge-
engineering, which accounts for such record-breaking me-
chanical performance of charged carbyne.

2. Computational details

The calculations were conducted using density functional
theory (DFT) implemented in the Vienna ab-initio simula-
tion package (VASP).[*!] Unless otherwise noted, the Perdew—
Burke—Ernzerhof (PBE) parameterization*?! of the gener-
alized gradient approximation (GGA)*3! was used for the
exchange—correlation functional. For all the calculations in
this work, energy cut-off of 520 eV was used, and k-point
mesh with the density > 80 A (the product of each lattice con-
stant and the corresponding number of k-points) was adopted
for the Brillouin zone sampling.[**l" All atomic positions and
axial lattice parameters of the structures have been optimized

until all forces were less than 0.01 eV/A. Our calculations in-
dicate that the calculated mechanical properties are almost in-
dependent on the axial sizes of computational cells (Fig. S1
in supporting information). Meanwhile, our calculations indi-
cate that a vacuum layer over 40 A has only slight effect on
the mechanical properties (Fig. S2). To balance the computa-
tional accuracy and cost, a vacuum layer of 40 A was adopted
in this work. Considering a balance between accuracy and ef-
ficiency, energy cut-off of 400 eV, k-point mesh with the den-
sity of about 30 A and vacuum layer of 20 A was used in the
ab-initio molecular dynamics (AIMD) simulations.

3. Results and discussion
3.1. Stabilities of charged carbyne

Density functional theory (DFT) calculations were used
to investigate the stabilities of charged carbyne. By track-
ing the bond length alternation (BLA), internal dimerization
for the pristine carbyne has been identified, since the polyyne
structure (-C=C-) is more stable than the cumulene structure
(=C=C=).B3% The calculated energy barrier for the transition
from the polyyne structure to the cumulene structure for pris-
tine carbyne is 4 meV per atom (Fig. S3). Upon a certain
amount of charge injection (—0.10 e/atom to +0.10 e/atom),
carbyne still maintains linear bonding patterns, as illustrated
in Fig. 1(a). Interestingly, the BLA decreases to zero as the
charge injection increases to =0.07 e/atom, since the energy of
the cumulene structure is lower than that of polyyne structure
(Fig. S3). When the charge injection exceeds £0.07 e/atom,
the carbyne chains show uniform bond lengths, indicating that
these chains are free of Peierls instabilities.

Furthermore, we calculated the phonon dispersions
for quantifying the dynamical stability of these structures
(Fig. 1(b)). The absence of imaginary frequencies indicates
the dynamical stability of the pristine carbyne and charged car-
byne. Afterwards, the energy above convex hull was used to
measure the stability of carbyne (the energy difference at zero
pressure and zero temperature between the energy for charged
carbyne and graphite). The calculated energy above convex
hull values of carbyne upon charge injection of —0.07, 0.00,
and +0.07 e/atom are 0.79, 1.03, and 1.52 eV/atom, respec-
tively. This suggests that the likely ease of charged carbyne
fabrication can be sequenced as electron injected carbyne >
pristine carbyne > hole injected carbyne. Finally, we explored
the thermodynamic stability by performing AIMD simulations
(a supercell having 12 atoms) at 300 K for 10 ps. During the
AIMD simulations, the pristine carbyne and charged carbyne
maintain their structures with only slight lattice perturbation
from thermal fluctuations (see Fig. S4 and movie S1 for de-
tails).
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Fig. 1. Structures and stabilities of charged carbyne. (a) Illustration of charge injection into carbyne, and the bonding patterns for carbyne upon charge
injection. (b) Phonon dispersions of pristine carbyne and charged carbyne upon electron injection of —0.07 e/atom and hole injection of +0.07 e/atom.

3.2. Mechanical properties of charged carbyne

To investigate the mechanical performance of carbyne
upon charge injection, we calculated the force—strain and
gravimetric stress—strain curves by using the DFT method
(Fig. 2).
(LDA) and generalized gradient approximation (GGA) levels

Both calculations at local density approximation

were performed for comparison. Calculations using these two
approximations are in good agreement (Fig. S5). Our calcu-

1.cmB’), breaking force

lated gravimetric strength (74 GPa-g~
(11.5 nN), and strain-to-failure (18%) for the pristine carbyne
agree with those (75 GPa-g’1 .cm3, 11.7 nN, and 18%) calcu-
lated by Yakobson’s team.!”! The gravimetric strength, gravi-
metric toughness and gravimetric modulus for pristine carbyne

and charged carbyne were summarized in Table S1.
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Fig. 2. Mechanical performance of pristine carbyne and charged carbyne.
(a) Force versus strain and (b) gravimetric stress versus strain curves for
pristine carbyne and charged carbyne.

The gravimetric strength, strain-to-failure, gravimetric
toughness, and breaking force of carbyne significantly in-
crease with charge injection before £0.07 e/atom. Upon hole
injection of +0.07 e/atom, the gravimetric strength, strain-
to-failure, gravimetric toughness, and breaking force of car-
byne increase to their highest values of 106 GPa-g!-cm?,
26%, and 19.0 kJ-g’l, and 16.5 nN. In a contrast, the max-
imum gravimetric modulus of carbyne upon charge injec-
tion is only 3% higher than that of pristine carbyne, suggest-
ing a slight modulation of stiffness by charge-engineering.

~L.em?), gravi-

The highest gravimetric modulus (967 GPa-g
metric strength (106 GPa-g~'-cm?®), and gravimetric tough-
ness (19.0 kJ-g~!) of charged carbyne is higher than those
of pristine carbyne (939 GPa-g~!-cm?, 74 GPa-g~!-cm?, and
9.4 kJ-g~!), graphene (453 GPa-g~'-cm?, 51 GPa-g~'-cm’,
and 8.8 kJ~g’1), and diamond (327 GPa-g’L cmd,
24 GPa-g~!-cm?, and 2.0 kJ.g~)®* (Fig. 3). To our knowl-
edge, the gravimetric modulus, gravimetric strength, and
gravimetric toughness are higher than any reported materials
in literature, making the optimally charged carbyne the stiffest,
the strongest, and the toughest predicted material (Fig. 3).
The above-reported mechanical properties are investi-
gated at the temperature of O K. Furthermore, we investigated
the finite temperature effect on the mechanical properties of
charged carbyne. At a finite temperature, the average failure

rate for a single bond follows the Arrhenius form!#>:40]

R(0) =v(f)e M@k (1)

where v(f) is approximately 10'® Hz (the “attempt rate” to
cross over the energy barrier), AE(0) is the energy barrier to
break a single bond, kg and T are the Boltzmann constant and
temperature, respectively. For atomic chains, the increasing
failure rates of every single bond due to the increase of tem-
perature would lead to the decrease in strength. From Eq. (1)
and the calculated AE (o) for charged carbyne, we predicted
the relative strength (the averaged strength at a finite temper-
ature divided by the averaged strength at the temperature of
0 K) as a function of temperature (Fig. S6).
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Fig. 3. Calculated modulus, strength, and toughness of typical high-mechanical-performance materials. (a) Gravimetric strength versus gravimetric
modulus and (b) gravimetric strength versus gravimetric toughness of charged carbyne compared with other typical high-modulus, high-strength, and

high-toughness materials.
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Fig. 4. Bending configurations of charged carbyne from DFT calculations.

Since the bending stiffness is useful for understand-
ing the configurations of linear atomic chains in thermal
fluctuations,#7-5%! we calculate the bending stiffness of pris-
tine charged carbyne for comparison with pristine carbyne.
The bending stiffness (ky) was obtained from the energy (Ey,)
for bending a long chain into a circle with radius R: ky, =
EpR/7.Y Our calculated bending stiffness of pristine car-
byne (3.7 eV-A) agree with that (3.6 eV-A) calculated by
Yakobson’s team.!”! The calculated bending stiffness for car-
byne upon charge injection of —0.07 e/atom and +-0.07 e/atom
were 2.8 eV-A and 1.6 eV-A, respectively, indicating the in-
creased bending flexibility compared with pristine carbyne.
Additionally, it was found that the bond alternation in both
linear and circular charged structures decreases with charge
injection, and the radius of the circles slightly increases (de-
creases) with electron (hole) injection (Fig. 4).

3.3. Mechanism behind the superb mechanical perfor-

mance of charged carbyne

To understand the mechanism behind the exceptional me-
chanical performance of charged carbyne, we did analyses at
the atomic and electronic scales. First, the bonding structures
of strain-free carbyne upon different charge injections were
calculated. The bonds of charge-free carbyne were alternated
into long bonds and short bonds. As the electron/hole injec-

tion increases, the averaged bond length slightly changes from
1.28 A to 1.29 A, while the bond length alternation (BLA) de-
creases to zero as the charge injection exceeds +0.07 e/atom
(Fig. 5(a)), indicating that the charge injection suppresses and
even eliminates the BLA for strain-free carbyne. Considering
that the BLA of carbyne predicted by DFT theory is generally
underestimated, and Yang et al.’%! found that the accurate es-
timate of the BLA is 0.13 A, we also did calculations using
HSEOQ6 functional for comparison. The BLA calculated us-
ing HSEO6 functional is 0.1 A, which is generally consistent
with previous reported values.>*34! Additionally, the calcula-
tions using HSEO6 functional indicated that BLA keeps zero in
the whole stretching process until strain-to-failure as the hole
injection increases to +0.13 e/atom. In this case, the gravi-
metric strength, strain-to-failure, and breaking force of car-
byne reaches their highest values of 115 GPa-g~!-cm?, 29%,
and 18.0 nN. These results generally agree with the achieved
record-breaking mechanical performance of charged carbyne
calculated at GGA level. Hence, considering a balance be-
tween computational accuracy and efficiency, the following
mechanism analyses were based on calculations at GGA level.

As charged carbyne was stretched, both the long bonds
and short bonds were elongated. To quantify the bond defor-
mation for carbyne, the local strains for the alternated long
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bonds (&) and short bonds (&5) were defined as

Ly — Lo
g =—, ()
Lig
Ls — Lso
&g = ——, 3
Lsp

where Ly (Ly) and Lgo (Lg) are the lengths of the long bonds
and short bonds under zero strain (strain-to-failure), respec-
tively. To quantify the contribution of long bonds and short
bonds on the strain-to-failure of carbyne (€), measures for the
long bonds (Cr) and short bonds (Cs) were proposed as

_ Ly, — Lo

C. 4

S Loe “4)
Ls — Lso

Cg= —— 5

S Loe (@)

where L is the sum of lengths of the long and short bonds.
Based on Eqgs. (2)—(5), we calculated the local strains of long
bonds and short bonds and measured their contribution on
the strain-to-failure of carbyne (Fig. 5(b)). As the charge in-
jected from —0.6 e/atom to +0.06 e/atom, the strains of long
bonds and short bonds for carbyne are 32% and 3%—-4%, re-
spectively, and the contribution of long bonds to the strain-to-
failure of carbyne exceeds 90%. These results indicate that
the strain is largely localized in long bonds, accounting for the
low strain-to-failure of carbyne upon these ranges of charge
injections. As the charge injection exceeds +0.07 e/atom, the
uniform strains of long bonds and short bonds contribute al-
most equally to the strain-to-failure of carbyne, which sig-
nificantly improves the strain-to-failure of carbyne. Interest-
ingly, although the initial bond length of carbyne upon hole
injection of +0.07 e/atom is slightly shorter than that upon
electron injection of —0.07 e/atom, the bond length at the
strain-to-failure is reversed. These results explain the larger
average bond strain (larger strain-to-failure) of carbyne upon
hole injection of 40.07 e/atom than that upon electron in-
jection of —0.07 e/atom. Considering that the gravimetric
modulus almost keeps a constant value during charge injec-
tion (Fig. 2(b)), the increase of strain-to-failure explains the
increase of gravimetric strength and gravimetric toughness.
Since bond patterns are intrinsically from the electron
density distribution between atoms, we further calculated the
electron density distribution (Fig. 6(a)). It can be observed
that the electron density distribution between atoms for pris-
tine carbyne alternates, indicating an alternated bonding pat-
tern. As stretched to strain-to-failure, the electron density
alternation increases. As the charge injection increases to
40.07 e/atom, the electron density distribution between atoms
becomes uniform. Furthermore, we calculated the excess
charge density distribution (Fig. 6(b)). For electron injec-
tion, excessive electrons largely accumulate in the long bonds,

strengthening these weak bonds; for hole injection, excessive
holes largely accumulate in the short bonds, weakening the
strong bonds. As a result, the bond orders become uniform
as charge injection increases (Fig. 6(a)). Therefore, the fun-
damental mechanism at the electron scale is the peak shaving
and valley filling of electron density distribution (injecting ex-
cess holes into short, strong bonds and excess electrons into
long, weak bonds upon hole injection and electron injection,
respectively), which suppresses and even eliminates the bond-

ing alternation of carbyne upon charge injection.
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Fig. 5. Bonding pattern analysis of pristine carbyne and charged carbyne.
(a) Bond lengths of strain-free charged carbyne. (b) Bond strain of long and
short bonds and the contribution of these bonds to the strain-to-failure of
carbyne.

Additionally, we calculated band structures for pris-

tine and charged carbyne, which agrees Peierls-type

semiconductor-to-metal transition (Fig. S7). The value of
Fermi level is —5.31 eV for pristine carbyne. Upon charge
injection, the values of Fermi level shift accordingly. As a
result, the band gap of pristine carbyne is 0.42 eV, which is
close to previous DFT calculations at PBE level,’®! while the
band gap decreases from 0.42 eV to 0.00 eV as the charge in-
jection increases to +0.07 e/atom, signaling a semiconductor-
to-metal transitions. These results demonstrated a correlation
between the semiconductor-to-metal transitions and a Peierls
distortion.
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Fig. 6. Electronic structures of pristine carbyne and charged carbyne. (a) Electron density distribution of pristine carbyne and charged carbyne upon
electron injection of —0.04, —0.07 e/atom and hole injection of +0.04, +0.07 e/atom under strain of 0% and strain-to-failure. The calculated bond
orders[>>! are labelled between atoms. (b) Excess charge density distribution for pristine carbyne and charged carbyne upon electron injection of —0.04,
—0.07 e/atom and hole injection of +0.04, +-0.07 e/atom, with the iso-surface values of 0.001 e/Bohr?, under strain of 0% and strain-to-failure. Color

coding of yellow and green represents excess electron and hole, respectively.

4. Conclusions

In summary, we computationally achieved record-
breaking mechanical performance by demonstrating that
charged carbyne chains have the known highest gravimetric
strength and gravimetric toughness. The gravimetric strength,
strain-to-failure, gravimetric toughness, and breaking force
can be significantly improved from 74 GPa-g~'-cm?, 18%,
9.4kJ-g~!, and 11.5 nN for pristine carbyne to the highest val-
ues of 106 GPa-g~!-cm?, 26%, 19.0 kJ-g~!, and 16.5 nN for
carbyne upon hole injection of +0.07 e/atom. Some of which

are near the theoretical bounds.’

| Further comparison with
other high-mechanical-performance materials identified that
carbyne upon the optimal charge injection has much higher
gravimetric strength and gravimetric toughness than any know
materials. The mechanism analyses revealed that the record-
breaking mechanical properties of carbyne upon charge injec-
tion results from the peak shaving and valley filling of electron
density distribution, which suppresses and even eliminates the

bond alternation.
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Table S1. Gravimetric strength (og), gravimetric modulus (Yg), strain-to-failure (es) and gravimetric toughness

of charge-engineered carbyne (CEC) compared with other materials with high mechanical properties.

Crystals og (GPaglem®)  Yq(GPag!em?®) € T (kJ/g) Refs
CEC (-0.10 e/atom) 101 955 23% 15.4
CEC (-0.09 e/atom) 102 957 23% 15.5
CEC (-0.08 e/atom) 102 957 23% 15.6
CEC (-0.07 e/atom) 103 959 24% 16.7
CEC (-0.06 e/atom) 78 964 18% 9.9
CEC (-0.04 e/atom) 77 958 18% 9.7
CEC (-0.02 e/atom) 75 953 18% 9.5
CEC (0.00 e/atom) 74 938 18% 9.4
CEC (+0.02 e/atom) 75 962 18% 9.5
CEC (+0.04 e/atom) 76 963 18% 9.7
CEC (+0.06 e/atom) 77 967 18% 9.9
CEC (+0.07 e/atom) 106 967 26% 19.0
CEC (+0.08 e/atom) 106 966 26% 19.0
CEC (+0.09 e/atom) 106 966 26% 19.0
CEC (+0.10 e/atom) 106 966 26% 19.0
B chain 76 643 31% 17.0
BC chain 92 802 25% 15.3
BN chain 78 868 14% 6.5
CNT (5, 5) 45 441 30% 10.2
BNNT (5, 5) 41 349 28% 8.2

h-BN (zigzag) 45 344 28% 7.7 [1-3]

Graphene 51 453 25% 8.8 [4]

MoS2 (armchair) 5 40 26% 0.8 [5,6]

Diamond 24 327 13% 2.0 [4]

Lonsdaleite 37 377 31% 8.6 [7,8]

w-BN 26 249 23% 4.1 [9-11]
c-BN 24 230 22% 3.6 [11-13]

BCs 34 165 23% 4.4 [14]




Movie S1: Ab initio molecular dynamics simulations of charged carbyne at 300 K for 10 ps.
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