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Abstract

The discovery of graphene has catalysed the search for other 2D carbon allotropes, such as
graphynes, graphdiynes, and 2D m-conjugated polymers, which have been theoretically
predicted or experimentally synthesized during the last decade. These materials exhibit a
conductive nature bound to their Ti-conjugated sp” electronic system. Some cases include sp-
hybridized moieties in their nanostructure, such as acetylenes in graphynes, however, these
merely act as electronic couplers between the conducting T-orbitals of sp” centres. Here, via
first principles calculations and quantum transport simulations, we demonstrate the existence
of an acetylene-meditated transport mechanism entirely hosted by sp-hybridized orbitals. For
that we propose a series of nanostructured 2D materials featuring linear arrangements of
closely packed acetylene units which function as sp-nanowires. Due to the very distinct nature
of this unique transport mechanism, it appears to be highly complementary with -
conjugation, thus potentially becoming a key tool for future carbon nanoelectronics.
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Carbon atoms with sp” orbital hybridization are the basic building block of various carbon
allotropes that have revolutionized materials science in the last few decades,™? starting from
fullerenes discovery,® continuing with carbon nanotubes,* and, more recently, graphene.’ The
two-dimensional (2D) form of sp? carbon, graphene, has led to the whole new area of 2D
materials,®® and their van der Waals heterostructures,’ and it has been the platform gathering
the most important world-wide efforts towards carbon-based nanoelectronics.’®*? The
existence of linearly dispersing bands crossing at the Fermi level, i.e. a Dirac cone, in graphene
has generated great enthusiasm in condensed-matter physics. This feature arises from its m-
conjugated electronic structure and has launched a global search for other m-conjugated 2D
carbon allotropes which may host this unique characteristic. In this line, different types of the
so-called post-graphene organic Dirac materials (or PGODs) have been theoretically predicted,

with the most notable examples being graphynes,lz’_15 16-19
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graphdiynes, and 2D m-conjugated

organic polymers.
d 17,25-28

Importantly, different members of PGODs have been recently
synthesize

In all these materials charge transport takes place in the m-conjugated system, and so
via sp” carbon atoms. This is also true for the sp/sp® hybridized graphynes and graphdiynes,
where sp® carbon centers are connected via sp acetylenic units, also regarded as Cs-Csp triple
bonds. In such materials the transport mechanism is still m-conjugated in nature, and so
replacing acetylene units by other conjugated functional groups such as benzene, thiophene or
ethylene gives rise to qualitatively the same electronic structure (e.g. Dirac cones).”>*!

Here, employing first principles calculations and large-scale transport simulations, we
demonstrate the existence of unconventional sp-hybridized charge transport in a new type of
nanostructured 2D materials. We propose 2D covalent arrays of graphene or hexagonal boron-
nitride (h-BN) nanoribbons laterally connected via acetylene units. The unique nanostructure
of such materials displays acetylene units in very close proximity to each other in a linear,
ordered fashion, which leads to the appearance of strongly dispersive sp-hybridized bands
near the Fermi level. Our simulations demonstrate these bands give rise to a new charge
transport mechanism exclusively involving the densely packed acetylene rows. As a result, the
n-conjugated graphene or h-BN nanoribbons simply act as coupling media between
neighboring sp-wires, and so the wider the nanoribbons the less electronically coupled the sp-
wires and, consequently, the more collimated their wavefunction. This close arrangement of
acetylene units is not possible in hexagonal carbon frameworks, such as graphynes,
graphdiynes, or m-conjugated 2D polymers, which explains why such a simple, yet effective,
transport mechanism has not been reported previously, in spite of the great number of carbon
nanostructured materials investigated in the last years. Given the inherently distinct nature of
such electronic sp-hybridized transport, we forecast it may well be potentially used in the
future as a complementary tool to m-conjugation. For instance, here we demonstrate it may be
utilized to provide conducting characteristics to h-BN nanostructures, which are otherwise
electrically insulating systems.?



The optimized atomic structures of the considered acetylene graphene (AcGr_i) and acetylene
hexagonal boron-nitride (AcBN_i) nanostructures are shown in Fig. 1, where the index (i=1-3)
indicates the width of the graphene or h-BN nanoribbons. All materials have been optimized
using the PBE functional in periodic DFT calculations, where both atomic positions and unit cell
parameters have been fully relaxed (see Methods section for details). Previous work on AcGrs
(therein referred as grazynes) demonstrated these are fully planar 2D nanostructured
materials.>® AcGrs and AcBNs nanostructures can be regarded as 2D parallel arrays of zig-zag
graphene or h-BN nanoribbons, covalently connected via acetylene units, thus displaying a
similarity with the recently bottom-up synthesized nanoporous graphene.*

a) AcGr_1 b)AcGr_2 c) AcGr_3 d)AcBN_1 e)AcBN_2 f) AcBN_3

Fig. 1. Atomic structure of a) AcGr_1, b) AcGr_2, c) AcGr_3, d) AcBN_1, e) AcBN_2, and f) AcBN_3, where
the utilized unit cell is highlighted. Atom coloring: C — grey, B — purple, N — blue.

In Fig. 2a,b we plot the orbital-resolved band structures for AcGr_1 and AcBN 1,
respectively, where one may see that the low-energy spectra for both types of materials is
mainly composed by p, and psp, bands, shown in green and blue, respectively. Note that p,
bands are associated with the sp® m-conjugated system (i.e. the nanoribbons), whereas the PPy
bands arise from sp centers, i.e. the acetylene units. The electronic structure for the remaining
members of each family of materials is qualitatively similar, as shown in Fig. S1 and S2 of the
Supporting Information (SI). The main difference between AcGrs and AcBNs is the presence of
a m-conjugated Dirac cone in the former (Fig. 2a). We note that such Dirac cone in AcGrs is
slightly electron doped, pinning the pyp, bands at the Fermi energy, E¢. This arises from the
well-known over-delocalization of generalized gradient approximation (GGA) functionals, such
as the here employed PBE.”! However, the qualitative features of our reported band structures
match those obtained in previous studies using hybrid functionals,® where this over-
delocalization is counteracted. The parabolic pyp, bands appear in the valence band for both
types of materials (Fig. 2a,b) being pinned at E; for AcGrs, and appearing lower in energy for
AcBNs, which display a finite bandgap.
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Fig. 2. Orbital-resolved band structure for a) AcGr_1 and b) AcBN_1, where p, and pp, bands are
coloured in green and blue, respectively. Ak is extracted between the two p,p, longitudinal bands along
the I'—X path, as indicated with the orange arrows in b. c), d) Spatial projections of the real (Re, left)
and imaginary (Im, right) parts of the p, (k = 1/3) and p,p, (ks = 1/10) wavefunctions, respectively, in
AcGr_1 along the I'=X path (see arrows indicating specific locations in a). e), f) k; spectra calculated as
k. = Ak/4 for the p,p, bands in AcGrs and AcBNs, respectively.



In Fig. 2c,d we show the spatial projection of the real (left panels) and imaginary (right
panels) parts of the p, and pyp, wavefunctions, respectively, for the AcGr_1 along the I'=X
segment (see arrows in Fig. 2a for specific energies). Taking a look at ¢/p, (Fig. 2c) one may see
that it is fully spread over the entire atomic structure. This is in agreement with the fully
delocalized nature of linear dispersive bands crossing at E, i.e. Dirac cones (Fig. 2a). Ypxpy
displays a very different behaviour (Fig. 2d). On the one hand, e, is composed of ppo type
interactions between adjacent acetylene units, with characteristic nodes in the yz plane at
each acetylene unit. On the other hand, and contrary to that observed for i, (Fig. 2c), Wexpy is
strongly localized on the acetylenic rows (Fig. 2d), with a very minor contribution in the
graphene nanoribbons. We note (pp, sShows a very similar spatial distribution for AcBN_1 (see
Fig. S3 in the SI). The spatially linear dispersion of e, for both AcGr_1 and AcBN_1 clearly
suggests the existence of an unconventional ppo type transport mechanism taking place
exclusively between adjacent acetylene units which, consequently, should exhibit a significant

anisotropic character.

In order to assess such a possibility we constructed large-scale devices based on DFT-
parametrized TB models for each considered material (see the Methods section for details).
Such devices allow for injecting currents in specific atomic locations, thus mimicking charge
injection via a scanning tunnelling microscope (STM) tip.>? In order to explore the acetylene-
mediated transport mechanism we have to inject currents in the occupied region of the band
structure, where the psp, bands are located (see Fig. 2a,b). This could be experimentally
achieved by applying positive STM tip bias to probe occupied sample states, doping the

33,34 35,36 .
' > In Fig. 3 we show

system or applying electrostatic gates, as regularly done for graphene.
the bond current maps upon injecting at E-E; = -0.5 eV on the left side of large-scale devices
made of AcGr_1, AcGr_2, and AcGr_3. These devices have been constructed by repeating each
unit cell, shown in Fig. 1, a number of times along x and y directions (see Methods section for
details) and are composed of 51744, 53312, and 55440 atoms, respectively. In the left panels
of Fig. 3 we show the zoomed bond currents around the point of injection (source; red dot) for
each device. There one may clearly see for all cases that electron transport takes place
primarily through a hopping mechanism between adjacent acetylene units, with an almost
negligible bond current density in the graphene nanoribbons. Such transport mechanism also
takes place in the analogous AcBNs (see associated bond-currents at E-E; = -1.0 eV in Fig. S4 of
the Sl) where there exists a slight, yet minor, increase of bond current spreading through the
nitrogen connections of the BN nanoribbons. As far as we know, in spite of the great number
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of acetylene-containing carbon 2D materials previously reported, both theoretically and
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experimentally, this is hitherto the first reported instance of ppo acetylene-mediated

electron transport.
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Fig. 3. Bond current maps of injected currents in large-scale devices made of a) AcGr_1 (51,744 atoms),
b) AcGr_2 (53,312 atoms) and c) AcGr_3 (55,440 atoms) at E-E; = -0.5 eV. Left panels provide a zoomed
view in an area around the injection point (ca. 3.0 x 3.0 nmz). Small red dots on the left region of devices
indicate the point of current injection. Regions with high current density are shown in bright yellow and
those with low or no current density are shown in dark purple, as indicated with color bars.

The large-scale devices bond currents shown in the right panels in Fig. 3 reveal a Talbot
interference pattern of injected currents far from the source, which is a typical feature of
optical waveguides,**® but has also been recently reported for weakly electronically coupled
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GNR arrays (known as nanoporous graphenes). To obtain such an effect the injection

energy needs to cross both p,p, longitudinal bands because, in case of crossing a single state
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(as it may happen very close to E¢), no interference pattern occurs (see Fig. S5 in the Sl). The
degree of electronic coupling between the two 1D nanoelectronic channels (in our case the
acetylene wires) is well captured by the inter-channel coupling coefficient, k.. This energy-
dependent parameter is extracted from the band structure of each 2D material as the
momentum difference between the relevant longitudinal bands, as k. = Ak/4 32 _ see Akin
Fig. 2b. In Fig. 2e we provide the k. spectra for AcGr_1, AcGr_2, and AcGr_3, showing a
significant difference along the materials series. Particularly, at E-E; = -0.5 eV the k; value for
AcGr_1 is much larger than those for AcGr_2, and AcGr_3, being almost negligible for the
latter. Similar x, results are obtained for AcBNs, but at lower energies (see Fig. 2f). As we may
see in the right panels of Fig. 3, such a tendency in k; is clearly reflected in the resulting
spreading of currents injected on the different AcGrs at E—E; = -0.5 eV. Within AcGr_1, with the
highest electronic coupling, currents quickly spread through a number of acetylenic wires,
being distributed throughout the entire width of the device when reaching the right electrode,
see Fig. 3a. This changes significantly for both AcGr_2 and AcGr_3, which, in accordance with
their respective k; spectra (Fig. 2e), show a much reduced spreading of currents along the y-
direction as they propagate towards the right electrode. Such collimation effect is particularly
significant for AcGr_3, where currents stay confined in the single acetylene-wire they were
injected for almost 30 nm from the source, showing only a minor spreading to its first
neighbouring channels at the right end of the device, see Fig. 3c. This trend, reminiscent of
previously studied GNR arrays,*® highlights the electronic decoupling role of the m-conjugated
GNRs, so that the wider these are, the less electronically coupled the acetylene-wires become,
see e.g. AcGr_3 in Fig. 3c. Such overall behaviour with increasing nanoribbon thickness is also
observed for the analogous AcBN series, as shown in Fig. S4. We note that injecting on a GNR
atomic position partially increases the m-conjugated isotropic current spreading around the
injection point (see Fig. S6a in the Sl). Such an effect is not observed in the analogous AcBN
material (see Fig. S6b in the SI), due to the lack of available states arising from hBN
nanoribbons.

The acetylene mediated transport mechanism herein reported arises from the specific
geometry of AcGrs and AcBNs, which keeps the periodically arranged acetylene units in close
proximity, enabling an effective pyp, orbital overlap. This can be demonstrated by designing an
AcGr_1 where every second acetylene unit is removed, see Fig. 4a (herein labelled x-
alternating AcGr_1, or x-alt-AcGr_1).*° As it may be seen in Fig. 4b, the resulting electronic
band structure is now purely of m-conjugated nature, with the presence of a Dirac cone, but
now lacking any pyp, bands near the E¢. Consequently, upon injecting currents at E-E¢ = -0.5 eV
one obtains the well-known six-fold spreading of currents (Fig. 4c) typical for Dirac materials,
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like graphene. This further demonstrates that the pyp, nanoelectronic channels, giving rise
to the Talbot interference pattern shown in Fig. 3, arise from the close packing of acetylene
units in AcGrs and AcBNs generated by their connection through the zig-zag termination of
nanoribbons. Note that such dense packing is not possible with other terminations, such as in

. . 42
arm-chair nanoribbons.
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Fig. 4. Atomic periodic unit cells (a, d) and orbital-resolved electronic band structures (b, e) for x-alt-
AcGr_1 and xy-alt-AcGr_1, respectively. p, fat bands appear in green, and p,p, in blue. Bond current
maps of injected currents in large-scale devices made of c) x-alt-AcGr_1 and f) xy-alt-AcGr_1 at E-E; = -
0.5 eV. Top panels provide a zoomed view in an area around the injection point (ca. 3.0 x 3.0 nmz). Small
red dots at the left region of the devices indicate the point of current injection. Regions with high



current density are shown in bright yellow and those with low or no current density are shown in dark
purple, as indicated with color bars.

Finally, In Fig. 4d we propose the xy-alt-AcGr_1, where the alternant acetylene
removal has only been done within every second acetylene wire. As it may be observed in Fig.
4e, this brings back the p,p, bands close to the Eg, however, due to the larger distance between
acetylene wires, these are strongly decoupled, as shown with the associated k. spectra in Fig.
S7. As a result, injected electrons are strongly collimated on a single acetylene channel for up
to 50 nm from the injection point (Fig. 4f), as opposed to the parent AcGr_1, where currents
are fully spread throughout the entire device at such distances (Fig. 3a).

Summing up, in this work we propose AcGrs and AcBNs as nanomaterials hosting, to
the best of our knowledge, the first instance of ppo acetylene-mediated electronic transport.
Such novel transport mechanism is independent on the m-conjugated system, which explains
the very similar current characteristics upon using either semimetallic GNRs or insulating BN
nanoribbons as m-conjugated coupling elements between the acetylenic wires. The pyp, bands
appear very close to E;, which suggests these electronic channels should be readily accessible
via moderate electrode bias, doping, or electrostatic gates. The existence of such p,p, bands in
AcGrs is, in fact, the main difference between this family of materials and the well-known sp-

13-15 16-19

sp® hybridized graphynes and graphdiynes, which also display a m-conjugated Dirac
cone in their electronic band structure. Bond current analysis of the quantum transport
simulations demonstrate that our reported transport mechanism uniquely arises from the
interaction between closely packed adjacent acetylene units, which is only possible when
acetylenes are connected via zig-zag edged, either graphene or BN, nanoribbons. The
electronic coupling between acetylene nanowires strongly decreases by increasing the
nanoribbon width, with very minor differences between the two types of ribbons. This allows
designing 2D arrays of nearly electronically isolated acetylene wires, which is even more

pronounced upon alternating such nanowires within the 2D materials, as in xy-alt-AcGr_1.

Therefore, our results provide a simple recipe to integrate an unconventional charge
transport mechanism in carbon and BN nanostructures. To the best of our knowledge, such
phenomenon has not been previously reported before neither experimentally nor via
computational modelling. Due to its very distinct nature as compared to the standard m-
conjugated transport, acetylene-mediated conduction may be highly complementary to the
former. As a first example in this regard, here we demonstrated it may provide BN
nanostructures with (semi) conducting properties which, otherwise, when purely made of sp?
centers, behave as electrical insulators.*

Computational Methods

The reported graphene and h-BN nanostructures have been modelled with density functional
theory (DFT) calculations using the Perdew-Burke-Ernzerhof (PBE)** exchange correlation
functional, a single-C basis set with 0.02 Ry energy shift, norm-conserving Troullier—-Martins
pseudopotentials, and a real-space mesh cut-off of 400 Ry. Monkhorst-Pack k-point meshes of
200x65x1, 200x52x1 and 200x45x1 were utilized for the AcGr_1 (AcBN_1), AcGr_2 (AcBN_2),
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and AcGr_3 (AcBN_3) nanomaterials, respectively, and 100x65x1 and 100x50x1 for the x-alt-
AcGr_1 and xy-alt-AcGr_1, respectively (see below for structural details). Atomic coordinates
and in-plane unit cell vectors were optimized until all forces were below 0.02 eV/A. The
planarity of this type of nanostructures was previously reported,® and so all materials were
optimized from fully flat geometries. Large-scale quantum transport was modelled by
extracting the on-site and coupling elements of s, p,, p, and p, orbitals from the DFT
Hamiltonian to parametrize an efficient tight-binding (TB) model capturing the low-energy
spectra — see DFT benchmark in Fig. S8 of the SI. This procedure was done using the open-
source Python-based SISL utility.** The large-scale TB models were constructed by repeating
the primitive unit cell (utilized for DFT calculations) along x and y directions until reaching
approximately 50 x 30 nm? device sizes, leading to samples composed of over 45,000 atoms.
These large structures are fed to the open-source TBtrans code® to simulate quantum

46-48

transport using the Green’s function formalism. Periodic boundary conditions are not

utilized in these large-scale simulations. Current injection is modelled via a constant, on-site
level broadening il" self-energy in the device Green’s function,*® located on a single atom (see
red dot in each device). Currents are drained along the x direction (longitudinal to sp-channels)
into two semi-infinite AcGr-like (or AcBN-like) electrodes placed at the two terminations of the
device along x, and absorbed by 5 nm wide regions at the bottom and top extremes equipped

50,51

with complex absorbing potentials (CAP). More information on this type of large-scale

. . . . . . 32,39,41
transport simulations is described in detail elsewhere.”*”

The spatial distribution of current
flow is represented via plotting 2D bond-current maps, scaling the colour-map in proportion to
the current magnitude flowing out of each atom, so that areas with low to zero current appear

dark.
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