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Mingjie Liu," Vasilii I. Artyukhov,” Hoonkyung Lee,™* Fangbo Xu," and Boris I. Yakobson™#5-*

"Department of Mechanical Engineering and Materials Science, *Department of Chemistry, and SSmalley Institute for Nanoscale Science and Technology,
Rice University, Houston, Texas 77005, United States -Present address: Department of Physics, Konkuk University, Seoul 143-701, Korea.

ABSTRACT We report an extensive study of the properties of carbyne using first-principles
calculations. We investigate carbyne's mechanical response to tension, bending, and torsion deformations.
Under tension, carbyne is about twice as stiff as the stiffest known materials and has an unrivaled specific
strength of up to 7.5 x 107 N-m/kg, requiring a force of ~10 nN to break a single atomic chain. Carbyne
has a fairly large room-temperature persistence length of about 14 nm. Surprisingly, the torsional stiffness
of carbyne can be zero but can be “switched on” by appropriate functional groups at the ends. Further,
under appropriate termination, carbyne can be switched into a magnetic semiconductor state by
mechanical twisting. We reconstruct the equivalent continuum elasticity representation, providing the full
set of elastic moduli for carbyne, showing its extreme mechanical performance (e.g., a nominal Young's

modulus of 32.7 TPa with an effective mechanical thickness of 0.772 A). We also find an interesting
coupling between strain and band gap of carbyne, which is strongly increased under tension, from 2.6 to
4.7 eV under a 10% strain. Finally, we study the performance of carbyne as a nanoscale electrical cable and estimate its chemical stability against self-
aggregation, finding an activation barrier of 0.6 eV for the carbyne—carbyne cross-linking reaction and an equilibrium cross-link density for two parallel
carbyne chains of 1 cross-link per 17 C atoms (2.2 nm).

KEYWORDS: carbyne - first-principles calculations - mechanical properties - elastic moduli - tensile strength - band gap -
electronic transport - chemical stability - cross-linking

arbon exists in the form of many

allotropes: zero-dimensional sp?

fullerenes,” the two-dimensional
sp? honeycomb lattice of graphene? (parent
to graphite and carbon nanotubes), or three-
dimensional sp? crystals—diamond and lons-
daleite. Each allotrope has notably different
electronic and mechanical properties. For
instance, graphene has the characteristic
semimetal electronic structure with a linear
band dispersion® and an extraordinarily high
electron mobility.* In contrast, diamond is a
wide band gap insulator and one of the
hardest natural materials known.

Carbon can also exist in the form of
carbyne, an infinite chain of sp-hybridized
carbon atoms. It has been theoretically pre-
dicted that carbyne may be stable at high
temperatures (~3000 K).> Indications of
naturally formed carbyne were observed
in such environments as shock-compressed
graphite, interstellar dust, and meteorites.5 8
The carbyne ring structure is the ground
state for small (up to about 20 atoms) carbon
clusters.® Experimentally, many different
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methods of fabrication of finite-length car-
bon chains have been demonstrated, in-
cluding gas-phase deposition, epitaxial
growth, electrochemical synthesis, or “pull-
ing” the atomic chains from graphene or
carbon nanotubes.®™"” Recently, chains
with length of up to 44 atoms have been
chemically synthesized in solution.'® Many
interesting physical applications of carbynes
have been proposed theoretically, including
nanoelectronic/spintronic devices'®~>* and
hydrogen storage.?* Moreover, very recently,
such complex molecular mechanisms as ro-
taxanes based on carbyne chains have been
synthesized.”>?® All of these advances make
the understanding of mechanical behavior
of carbyne more and more important.?’
Although there exists a considerable
body of literature on the structure®®?® and
mechanics®® 33 of carbyne, it is very scat-
tered and has thus failed so far to provide a
well-rounded perspective. Here we address
this shortage and put forward a coherent
picture of carbyne mechanics and its interplay
with chemical and electronic phenomena.
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Figure 1. Carbyne under tension. (a) DFT calculations of
stretching energy per unit cell (two atoms) as a function of
strain ¢. The bond length alternation (b) and electronic
density of carbyne (c) without strain and (d) under tension,
showing a more pronounced bond alternation in stretched
carbyne. (e) GW band gap increase as a function of strain
for structures obtained with pure (LDA) and hybrid (HSE)
density functionals, the latter predicting a stronger BLA (b).
(f) Dependence of GW correction to LDA band gap as a
function of bond length alternation.

RESULTS AND DISCUSSION

We begin by discussing the structure of carbyne.
One textbook structure of the one-dimensional chain
of Catoms is the cumulene (=C=C=), known to under-
go a Peierls transition®® into the polyyne (—C=C—)
form. Our calculations confirm this instability, showing
an energy difference of 2 meV per atom in favor of the
polyyne structure. The calculated cohesive energy of
polyyne is E. = 6.99 eV per atom. It must be noted that
pure DFT methods underestimate the band gap, and
this results in a much weakened Peierls instability. Higher-
level quantum chemistry techniques or exact-exchange
hybrid functionals can correct this deficiency;”** however,
it is not of prime importance for the mechanical properties
of carbyne, and thus we do not need to resort to these
more costly computational methods.

Carbyne under Tension: The Strongest Nanowire. The most
basic mechanical property of the carbyne chain is its
tensile stiffness, defined as

2
-1 m
a de
where a is the unit cell length (2.565 A), E is the strain
energy per two C atoms, and ¢ is the strain. Fitting eq 1
to our DFT data with a fourth-order polynomial (Figure 1a)
yields a tensile stiffness of C = 95.56 eV/A in agreement
with earlier work3® (Note that negative strain values
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are mainly of academic interest; however, it may be
possible to realize some degree of compression in
finite-length chains below the onset of Euler buckling—
see next section on bending stiffness—or with chains
confined inside channels, eg., carbon nanotubes’) A
more informative measure from the engineering stand-
point is the specific stiffness of the material, which
for carbyne works out to be ~10° N-m/kg. This is a
more than 2-fold improvement over the two stiffest
known materials—carbon nanotubes and graphene
(4.5 x 10® N-m/kg**“*°)—and almost 3-fold over dia-
mond (3.5 x 10® N-m/kg*").

Another important metric of engineering materials
is their specific strength. The tensile strength is gen-
erally difficult to predict theoretically; therefore, we
approach the problem from two complementary per-
spectives. One method to evaluate the ideal strength
of carbyne is to compute the phonon instability
point—the strain at which imaginary frequencies ap-
pear in the phonon spectrum.° We found that, in
carbyne, this event occurs at a critical strain of
18—19%, at a pulling force of 11.66 nN. Notably, this
coincides with the change from direct to indirect band
gap.*? Another approach is to treat fracture as an
activated bond rupture process and compute its acti-
vation barrier E,(¢) as a function of strain.** The com-
puted E,(¢) dependence shows the expected decrease
with tension, and at a strain of ~9% (9.3 nN), it reaches
a characteristic magnitude of 1 eV for which transition
state theory predicts an expected lifetime on the order
of ~1 day. Thus the estimated breaking force of a
carbyne chain is 9.3—11.7 nN (this is >10 times the
previous literature report of 0.9 nN,*? demonstrating
the inadequacy of the ReaxFF force field used therein
for carbyne mechanics). This force translates into a
specific strength of 6.0—7.5 x 10’ N-m/kg, again
significantly outperforming every known material in-
cluding graphene (4.7—5.5 x 10” N-m/kg*®3°), carbon
nanotubes (4.3—5.0 x 10” N-m/kg****), and diamond
(25-6.5 x 107 N-m/kg*). The details of calculations
are described in Supporting Information.

It is interesting to see what happens to the bond
length alternation (BLA) of carbyne under tension.?’*?
Since the strength of Peierls distortion is extremely
sensitive to the choice of methods,*” we performed
additional computations using the local density ap-
proximation and the hybrid HSE06 functional incorpor-
ating exact exchange.***® The most trustworthy
method (HSEQ6) yields an increase of BLA from 0.088 A
in free carbyne to 0.248 A when & = 10% (Figure 1b).
Figure 1¢,d shows the electronic densities of carbyne in
free-standing state and ata 10% strain. While in the first
case (c), the BLA is barely noticeable in the plot, the
second (d) shows very clear distinction between the
“single” and “triple” bonds.

Naturally, this change in the BLA has big ramifica-
tions for the electronic properties of carbyne. Figure 1e
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shows the variation of the band gap with strain com-
puted using many-body perturbation theory (GoWo)*°
in two settings: the standard LDA+GW scheme and
using the more realistic HSE06 geometry (HSE06/
LDA+GW). The difference between the two plots in
Figure 1e is easily understood from the plot of GW
correction magnitudes as a function of BLA shown in
Figure 1f, where the data points from both sets fall
closely on the same line. Clearly, an accurate reproduc-
tion of BLA is essential for the computation of band
gap. The HSEO06/LDA+GW band gap varies almost
linearly with strain from 2.58 eV at 0% to 4.71 eV at
10% strain, an 83% change. This extreme sensitivity of
band gap to mechanical tension shows carbyne's great
prospects for opto-/electromechanical applications.
(An independent study reporting similar results®' came
out while the present article was in preparation.) The
nature of this effect and its unusual consequences are
explored more deeply elsewhere

Bending Stiffness: Nanorod or Nanorope? Given the ex-
treme tensile stiffness of carbyne, it is interesting to
investigate how this material performs under bending
deformations. The bending stiffness is defined as

2
= 1 ﬂi V)]
aoq

where a is again the unit cell and g is the curvature. To
calculate the bending energy of carbyne, we use the
model of carbon rings because of their advantage of
having a constant uniform curvature defined by their
radius, g = 1/R (Figure 2a). The BLA pattern is retained in
the rings having an even number of atoms, as seen
from the electronic density distribution in Figure 2a.
Additional care must be taken with carbyne rings since
the Jahn—Teller distortion (the counterpart of Peierls
instability in nonlinear molecules) is different in the Cypy
and C4y. » families of rings.>* =>4 The C4u, > rings under-
go a second-order distortion which produces little/no
BLA at small N. Because of this, the bending stiffness
in the two families differs for small rings, but as N
increases (g — 0), the difference gradually disappears,
and the stiffness of both families approaches the
common limit of infinite straight carbyne, which the
extrapolation of our results places at K = 3.56 eV-A. A
similar extrapolation of the ring energies disagrees
with an explicit periodic infinite-chain calculation by
only about 0.3 meV/atom, showing the robustness of
our procedure.

Persistence Length. In order to determine whether
this value of K is large or small, we can further char-
acterize the bending stiffness of carbyne using the
concept of persistence length familiar from polymer
physics. It is defined as I, = K/kgT, where kg is the
Boltzmann constant and T is the temperature. Using
our value of K, the persistence length of carbyne at
300 Kis roughly /, = 14 nm, or about 110 C atoms. This
can be compared to the persistence length of various
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Figure 2. Bending stiffness of carbyne. (a) Carbon ring
model with its electron density distribution, showing the
usual bond alternation pattern. (b) Bending energy per unit
cell as a function of ring curvature calculations used to
extract the bending modulus value.

TABLE 1. Persistence Length of Carbyne As Compared to
Several Important Polymers

polymer I, (nm)
polyacrylonitrile®® 0.4—-06
polyacetylene®® 13
single-stranded DNA”®”" 1-4
polyaniline”? 9
double-stranded DNA (dsDNA)>® 45-50
graphene nanoribbons”3 10—100
carbyne (present work) 14

important polymers, as presented in Table 1. As we see,
carbyne is relatively stiff for a polymer and comparable
to narrowest graphene nanoribbons, and it is about '/5
times as stiff as a dsDNA rod (mind the 2 nm diameter
of the latter).

Carbyne under Torsion: Chemically Modulated Spring. The
torsional stiffness of a rod of length L is expressed as

H=Ll— 3)

where 6 is the torsion angle. Looking at the electron
density distribution along the atomic chain (Figure 3a),
one immediately recognizes a problem with this
definition. Because of the cylindrical symmetry of
the density—and, consequently, all relevant physical
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Figure 3. End-group-induced torsional stiffness of carbyne.
(a) Cross section of the electronic density of carbyne.
(b) Front and (c) side view of a carbyne chain with
attached =CH, handles, showing the helical HOMO isosur-
face. (d) Band gap and (e) energy as a function of the
torsional angle: blue, singlet state; green, triplet. (f) Band
gap and (g) torsional stiffness dependence on the chain
length. The blue line in (f) is fitted by E; = A/L, and green line
is fitted by Eg = A/(L + Lo).

observables—it is impossible to define 6, and thus H
has to be zero. However, we can solve this problem by
attaching functional group “handles” at the chain ends
to break the cylindrical symmetry (Figure 3b,c). Further,
depending on the character of the passivation (sp> or
sp?), one should expect different effects on the tor-
sional stiffness.>°

We considered different functional groups, includ-
ing methyl (CHs), phenyl (CgHs), and hydroxyl (OH) as
sp® radicals and amine (NH,, planar) and methylene
(CH,) groups from the sp? family. With methyl and
hydroxyl, we find that the single C—R bond at the end
interfaces so smoothly with the single—triple bond
system of carbyne to result in a completely free
unhindered rotation. Moreover, phenyl handles also
rotated freely, suggesting a single bond between the
carbyne and the aromatic ring. Only the =CH, (and,
weakly, NH,) termination shows a detectable torsional
stiffness. As the “handles” are twisted out-of-plane, the
frontier st orbitals assume a characteristic helical struc-
ture with the total twist angle following the dihedral
angle between the handle group planes (see Figure 3b,c
and Supporting Information Figure S2). (While the pre-
sent paper was under revision, an independent study on
helical orbitals in conjugated molecules came out.>)
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Before we present the numerical results, an inter-
esting question to consider is how this stiffness could
emerge at the electronic structure level. Consider the
behavior of band gap as a function of the torsional
angle. As the torsional angle increases, the band gap
shrinks and completely closes at 90°, as shown in
Figure 3d. From the molecular orbitals perspective, at
0°, the planar geometry can sustain two fully orthogo-
nal p-bands formed by p, and p, orbitals, respectively,
the HOMO and LUMO of the molecule (D,, symmetry).
However, when the handles are at 90° (D,,), the two
orbitals become completely equivalent by symmetry
and, hence, degenerate. As a result, the energy of the
system is increased (Figure 3e). We can estimate this
energy change as 2 x [E4/2] = Eg, the band gap of the
planar molecule, and the resulting potential energy
(PE) curve can be approximated by its first Fourier term
as E(0)=1/2 (1 — cos 20)E,. Then, according to eq 3, the
torsional stiffness is H(Eg,L) = 2E4 x L.

Next we examine the behavior of £4 as a function
of L. Treating carbyne as a 1D potential well of width
L = Na, the HOMO and LUMO energies are Ey < K2 o<
N?/L? and Ey 1 o< ki 4 1 o< (N + 1)?/L?, and therefore, Eg o<
(1 4 2N)/L? o< 1/L for long chains, N > 1. The inverse
dependence of the band gap on the length, E; = C/L,
leads to H=2C = constant; that is, the torsional stiffness
of carbyne has a finite constant value.

Both predictions, Eg o< 1/L and a constant torsional
stiffness H, are confirmed by our DFT calculations, as
shown in Figure 3f,g, respectively. Although this stiff-
ness is not, strictly speaking, inherent to carbyne in the
sense that it relies on the end groups to break the
rotational symmetry, from the mechanical perspective,
the carbon chain between the handles behaves just
like a classical torsion rod. With the =CH, termina-
tion, the maximum stiffness value we observe is
H ~ 10.3 eV-A. This figure is about half the torsional
stiffness of dsDNA,>® which is truly remarkable given
carbyne's one atom thickness.

Two more interesting aspects of carbyne's behavior
as a torsional spring deserve to be highlighted. First,
upon passing a 90° twist, the energy evolution is
reversed, and the differential stiffness becomes for-
mally negative. This behavior is quite intriguing since,
for a normal beam, the energy would increase mono-
tonously during twisting, whereas for this 1-D carbon
chain, the torsional energy exhibits a periodic beha-
vior. Second, as is typical for such situations, the
frontier orbital degeneracy at 90° can be lifted via spin
unpairing. Indeed, our calculations show that at near
90° angles, the spin-triplet state is energetically more
favorable®® and, in fact, becomes the local energy
minimum (Figure 3e). In this state, carbyne essentially
becomes a magnetic semiconductor, hinting at appli-
cations in spintronics. A separate torsional stiffness can
be defined for this minimum, Hy = 8.6 and 3.7 eV A for
N =18 and 66 carbyne chains, respectively.
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TABLE 2. Summary of Mechanical Characteristics of
Carbyne

property value
thickness 2r 0772 &
Young's modulus ¥ 32.71 TPa
shear modulus G 11.8 TPa
Poisson's ratio n 0.386
persistence length at 300 K 14 nm

Equivalent Continuum Mechanics Model. To gain further
insight and appreciation of the mechanical properties
of carbyne, we need to establish the link between the
computed atomistic properties and the concepts of
continuum elasticity such as the Young's modulus Y,
the bending stiffness K, the shear modulus G. The fully
assembled system of equations is given below, where
all the atomistic quantities (eqs 1—3) are assembled
on the left and their counterparts from continuum
mechanics, on the right.

1 8%E  mr’y
==—=— 4)
L2 9e2 L
1 9% 1
K=- s = -ty (5)
La(1/R) 4
o’E
H = l—5 = 2Gar* 6)
L

From eqgs 4 and 5, we can estimate the effective
mechanical radius and the Young's modulus of car-
byne:r=0.386 Aand Y = 32.71 TPa. Knowing the radius,
we are now able to compute the shear modulus from
(eq 6), G = 11.8 TPa, and thus the effective Poisson's
ratio n = Y/(2G) — 1, n = 0.386. Comparing with the
hardest natural materials, diamond and graphene
(Yaiamond = 1.22 TPa, Ygraphene = 1 TPa, Ggiamona = 0.5 TPa),
we see that carbyne outperforms them by a factor of
about 30 (owing in part to its extremely small mechan-
ical radius). For convenience, the elastic parameters of
carbyne are summarized in Table 2.

Carbyne as a Conducting Cable. To investigate the char-
acteristics of carbyne as a conductor, we computed the
distribution of electrical current density using the
standard real-space non-equilibrium Green's function
approach. It gives an explicit form of current density at
a given point in space:>’

1
Jr) = E%/ou_f-

G (E) lim (V' = V)¢ ()95 (1) %

where ¢; are the atomic basis functions (2s and 2p),
G<(E) is the matrix correlation function related to the
electron density by integration over the energy, and
the gradient part corresponds to the probability flux. In
addition to integrating the transmission coefficients
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Figure 4. Carbyne as a conducting cable. (a) Current density
distributions in the axial plane of carbyne and in cross
section. (b) Magnetic field induced by the current density
of (a). The directions of magnetic vectors correspond to the
current flowing from the bottom up.

over the energy range between the two Fermi levels,
the total current can also be retrieved by integrating
the current density over an arbitrary cross section of
the carbon chain.

Figure 4a shows the calculated current density
distribution of a carbon chain. The distribution is axially
symmetric with negligible magnitudes on the axis and
a bulge at about r = 1 A. This reflects the fact that the
o bonds are localized between atoms and form the
skeleton of carbon structures, while the delocalized
7 bonds normal to the axis support the electronic
conductance. By the Biot—Savart—Laplace law, the
induced magnetic field can also be determined. As
shown in Figure 4b, it exhibits a similar “tubular”
distribution pattern.

Similarly to the previous section, it is instructive to
estimate what would be the equivalent of carbyne in
classical conductors. We may define the effective
radius r.¢ of the carbyne as the radius of a conducting
cylinder that generates an identical inductance to that
of carbyne at the same electrical current. The magnetic
flux of the classical conductor per unit length is eval-
uated by

_ Mo (1 R
b = 2n(2+|nro)l (8)

where R is the side length of the flux surface, ry is the
cylinder radius, and / is the current. With the magnetic
field obtained above, the magnetic flux of the carbyne
carrying a current / can be computed if R is given. We
observe a linear dependence between ® and / of
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Figure 5. Cross-linking of carbyne chains. (a) Potential
energy scans showing the barrier of ~0.6 eV for finite-
length chain cross-linking. (b) Energy per atom in periodi-
cally cross-linked systems with N atoms between cross-
links, showing a maximum energetically favorable cross-
link density of 1 link per 9—11 atoms, and an equilibrium
spacing of 16 atoms. E = 0 corresponds to the reference
energy level of infinitely isolated carbyne chains.

carbyne for various values of R = 10—100 A. Although
the slope varies as R changes, each of them leads to
the same ry by eq 8. Accordingly, the effective radius
of carbyne in terms of inductance is found to be
rese = 1.196 A.

Chemical Stability of Carbyne. An important concern for
any nanoscale material is its stability with respect to
dimerization.>® For carbyne, formation of cross-links
between chains is a mechanism of degradation known
from experiments'" and hence must be studied. Figure 5a
shows a relaxed potential energy surface scan using
the distance between C atoms in the middle of two
carbyne chains as the constraint onto which the reac-
tion coordinate is projected. To avoid introducing bias
due to the cumulene/polyyne transformation during
the cross-link formation, we used two chains with 2N
and 2N + 1 atoms to simulate the reaction, so that both
before and after the reaction there is exactly one chain
with an (unfavorable) odd number of atoms in the
system. We estimated an activation energy barrier of
about £, = 0.6 eV that is independent of the length of
reacting chains (from 8 to 24 atoms) as well as of the
dihedral angle formed by the chains. (The overall
exothermicity of the reaction showed a weak decrease
with the chain length; ie., shorter chains have a
stronger tendency to link.) This barrier suggests the
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viability of carbyne in condensed phase at room
temperature on the timescale of days.>®

What will happen if two parallel long carbyne chains
are brought into contact? Every cross-link formed will
create local curvature, raising the energy of the system.
We can estimate the maximum frequency of such
cross-links using a simple geometrical model. Assum-
ing all bond angles about a cross-link being 120° and
the carbyne curvature between the links remaining
constant, the length of the arc between two cross-links
is L= (71/3)R. The corresponding elastic energy is Epeng =
KL/2R? = Kx*/18L = 1.95 (*/,) eV. This energy cost is
offset by the gain from forming the extra bonds
between the chains, which is about £ = 0.25 eV/atom
from Figure 5a. Using this value, we arrive at an estimate
for L ~ 7.8 A, or about N = 5 atoms between the cross-
links. Compared to the results of DFT calculations
presented in Figure 5b, which predict an eight atom
threshold spacing, this is an underestimate that can be
straightforwardly attributed to our model's ignoring the
s-electron conjugation which is perturbed by the cross-
links. Since the energy of conjugation interruption
should also scale approximately as 1/L, the general
form of Epengy . = K*/L should still hold. In this case, it
is easy to show that the equilibrium separation between
kinks in an infinite system (one that minimizes the total
energy per atom) is exactly twice the threshold separa-
tion (at which Epeng.y - = Ef) and can be estimated from
our DFT data as one cross-link per 17 atoms, or 21.8 A.

Note the oscillating behavior of the DFT data points
as the number of atoms between sequential cross-links
switches between odd and even. It indicates that the
atoms that make the cross-link form a double bond
and thus are connected to the chain segments by
single bonds, which is only possible to seamlessly
integrate into the single—triple alternation pattern of
polyyne when the number of atoms in between is
even. In fact, odd-number systems are unstable in the
sense that if the unit cell is doubled an N = 2M + 1
system tends to reconstruct into a {2P, 2(M — P)}
superstructure. An alternative that is favorable for
shorter-period systems is to form a pair of adjacent
cross-links, resulting in a square C4 unit (see Supporting
Information for details).

Our finding of a large (~2 nm) equilibrium cross-link
spacing explains the experimental observations where
single-zigzag-wide graphene nanoribbons show in-
stability and split into pairs of atomic chains.'**° In
summary, carbyne chains can be robust against cross-
linking at not-too-high temperatures, and mechanical
constraints can further prevent them from forming
multiple bonds with each other.

SUMMARY AND CONCLUSIONS

The comprehensive “portrait” of carbyne that we
have drawn can be formulated like this. It has an
extreme tensile stiffness—stiffer by a factor of 2 than
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graphene and carbon nanotubes—and a specific
strength surpassing that of any other known material.
Its flexibility is between those of typical polymers and
double-stranded DNA, with a persistence length of
~14 nm. It is equivalent to a continuum mechanics
rod of an extremely small diameter, 0.772 A, and an
enormous nominal Young's modulus of 32.7 TPa.
Carbyne can be toggled from the free-rotating to
torsionally stiff state by appropriate chemical functio-
nalization (=CH,), in which case its effective shear
modulus is about 11.8 TPa, and its formal Poisson's
ratio is 0.386. With this or similar functionalization, a

METHODS

The density functional theory and GW calculations were
performed with VASP.5%6' Mechanical properties were com-
puted using the PBES>%® generalized-gradient exchange—
correlation functional and a 400 eV plane wave cutoff. A 12 A
cell spacing was used in the aperiodic directions to eliminate
the interaction of periodic images of the system. Structural re-
laxation was performed until all forces were less than 0.01 eV/A.
Chemical reaction barrier was calculated using the CEP-121G*
basis set®* in Gaussian 09°° (spin-unrestricted). The Hamiltonian
and overlap matrix elements for quantum transport calculations
were computed using SIESTA.°*%” More detail is available in
Supporting Information.
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