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nd circular currents in linear
carbon wires†

Marc H. Garner, * Anders Jensen, Louise O. H. Hyllested
and Gemma C. Solomon *

Disubstituted odd-carbon cumulenes are linear carbon wires with near-degenerate helical p-orbitals. Such

cumulenes are chiral molecules but their electronic structure consists of helical orbitals of both chiralities.

For these helical molecular orbitals to give rise to experimentally observable effects, the near-degenerate

orbitals of opposite helicities must be split. Here we show how pyramidalized single-faced p-donors, such

as the amine substituent, provide a strategy for splitting the helical molecular orbitals. The chirality induced

by the amine substituents allow for systematic control of the helicity of the frontier orbitals. We examine

how the helical orbitals in odd-carbon cumulenes control the coherent electron transport properties,

and we explicitly predict two modes in the experimental single-molecule conductance for these

molecules. We also show that the current density through these linear wires exhibits strong circular

currents. The direction of the circular currents is systematically controlled by the helicity of the frontier

molecular orbitals, and is therefore altered by changing between the conformations of the molecule.

Furthermore, the circular currents are subject to a full ring-reversal around antiresonances in the

Landauer transmission, emphasizing the relation to destructive quantum interference. With circular

currents present around truly linear carbon wires, cumulenes are promising candidates for novel

applications in molecular electronics.
Introduction

Cumulenes are a series of linear carbon wires similar to poly-
ynes but terminated by tricoordinate carbon atoms. By
convention, we label cumulenes by the number of double bonds
n, and the number of cumulenic carbon atoms is thus n + 1. We
refer to the even n series simply as even [n]cumulenes, where the
shortest member (n ¼ 2) is best known as allene. The two
orthogonal p-orbital systems of cumulenes are separated by
symmetry. Thus, the odd [n]cumulenes have mutually planar
end-groups, while the even [n]cumulenes have mutually
perpendicular end-groups in order to form closed-shell systems.

Shown in Fig. 1 from a density functional theory (DFT) calcu-
lation, the even [n]cumulenes have the unique property that
a reduction of symmetry from D2d to C2 by an a,u-disubstitution
causes the otherwise orthogonal p-orbitals to mix and form a new
set of helical molecular orbitals. This intriguing property of even
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(ESI) available: Orbital splitting and
ffects in 1,5-disubstituted [4]cumulenes;
ced p-donors; aryl-substituted cumulene;
cumulene transmission; coordinate
ence; wide-band transmission plots. See

8

[n]cumulenes was coined electrohelicity by Hendon et al.,1 and we
recently described this phenomenon in detail.2 For each pair of
degenerate p-orbitals in the unsubstituted cumulene (Fig. 1, le)
a corresponding pair of quasi-degenerate helical orbitals appear in
the disubstituted case (Fig. 1, right). While the substituted mole-
cule is one of two enantiomers, here the S-enantiomer, both
chiralities are present in the electronic structure. The highest
occupiedmolecular orbital (HOMO) of S-1,5-dichloro-[4]cumulene
Fig. 1 Optimized molecular structure and the two highest occupied
molecular orbitals of [4]cumulene and S-1,5-dichloro-[4]cumulene.

This journal is © The Royal Society of Chemistry 2019
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is a P-helix and the HOMO�1 is an M-helix; this order is rever-
sed for the R-enantiomer as inferred by parity. The appearance of
helical orbitals is a consequence of the helicogenic C2 rota-
tion symmetry of even [n]cumulenes, which is not present in
the ground-state geometries of odd [n]cumulenes and
polyynes.2 As we presented in recent work, the electronic structure
of even [n]cumulenes is best understood by considering them as
coarctate Möbius systems.3,4 The helical molecular orbitals are an
intrinsic property of such systems when helicogenic symmetry is
present, and they can be derived using a simple Hückelmodel and
group theory.2

Beautiful and conceptually interesting as the helical molec-
ular orbitals are, they are not experimental observables. It is
essential to explore what novel effects may arise from helical
orbitals, and here we consider how such effects may be used in
molecular electronics. We envision that it will be possible to
incorporate electronic functionality into otherwise linear
atomic carbon wires,5–8 given frontier molecular orbitals of both
helicities can be present.

Helical orbitals appear in electronic structure calculations
on carbon chains whenever appropriate helicogenic symmetry
is achieved,1,2,9–14 for example through mechanical torsion
along the molecular axis.15–18 While axial torsion may be
a promising avenue, only the even [n]cumulene series has the
appropriate molecular symmetry in the ground-state
structure. Though cumulenes are not as stable as polyynes,
the even [n]cumulenes have been synthesized up to the [6]
cumulene,19–25 the odd [n]cumulenes up to [9]cumulene,26 and
metallacumulenes of similar lengths have been reported.27,28

Functionalized chiral allenes have been characterized,29–31 and
in recent work Ozcelik et al.32 presented conductance
measurements on a monolayer of enantiopure allenes. Still, it is
clear that strategies for further stabilization of linear carbon
wires must be conceived for them to be utilized in single-
molecule devices; rotaxane-protected cumulene and polyyne
wires were recently reported by Tykwinski and co-workers and
hold promise in this regard.33–35

Here we present a theoretical demonstration of the utili-
zation of even [n]cumulenes and their helical orbitals in
single-molecule conductance calculations. First, we explore
substituent strategies for tuning the order and the energetic
splitting of the otherwise near-degenerate frontier molecular
orbitals. Second, we show how the splitting of orbitals of
opposite helicity controls the electronic transmission through
single-molecule junctions, which allows us to make explicit
predictions for the single-molecule conductance. Finally, we
examine the low-bias current density of these junctions and
reveal strong circular currents around the linear wires with the
direction of the currents being controlled explicitly by the
helicity of the frontier orbitals.

Methods

All electronic structure calculations presented in the manu-
script are performed using DFT as implemented in the Atomic
Simulation Environment (ASE) and GPAW.36–38 The Perdew–
Burke–Ernzerhof (PBE) exchange-correlation functional is
This journal is © The Royal Society of Chemistry 2019
applied with double-z plus polarization basis set for all
atoms.39 This method is chosen for the purpose of electron
transport calculations, and we compare the vacuum results
with calculations using the M06-2X functional and Hartree–
Fock method in ESI.† All molecules have been optimized in
vacuum to a force threshold of 5 meV Å�1. Molecular struc-
tures and orbitals are plotted using Jmol with the default
isosurface cutoff value 0.02.40

Electron transport calculations

We employ the non-equilibrium Green's functions (NEGF)
approach as implemented in GPAW.41 Single-molecule junc-
tions are constructed by placing the molecule between two four-
atom Au pyramids on 4 � 4 Au(111) surfaces with periodic
boundary conditions in the plane of the surfaces. The junction
structure is relaxed to a force threshold of 0.05 eV Å�1 with all
Au atoms kept xed during the optimization. From this junc-
tion structure the Landauer transmission T(E) is calculated
using eqn (1) with a k-point sampling over a 4 � 4 � 1 Mon-
khorst–Pack mesh in the rst Brillouin zone,

T(E) ¼ tr[GL(E)G
r(E)GR(E)G

a(E)] (1)

where GL/R are the coupling matrices of the le and right elec-
trodes. The junction structure constitutes the extended molec-
ular region and with its Hamiltonian HM and overlap matrix SM
and the calculated self-energies of the le and right electrodes
SL/R, the advanced and retarded Green functions Gr/a are
calculated using eqn (2),

Gr/a(E) ¼ [E$SM � HM � Sr/a
L (E) � Sr/a

R (E)]�1. (2)

Current density calculations

To calculate the low-bias current density through a single-
molecule junction, we use a simpler junction setup due to
computational constraints. We employ the NEGF approach as
described above (eqn (1) and (2)) using GPAW. Our approach is
described in full detail elsewhere,42 and the code is available
online at https://github.com/marchgarner/Current_Density.git;
a brief description follows here.

Single-molecule junctions are constructed with the mole-
cule placed between two s-band electrodes, which are formed
using two dihydrogen molecules with a N–H distance of 1.5 Å,
thus forming the extended molecular region used in eqn (2). A
single-z basis set is used for the hydrogens, and the s-band
electrodes are formed using the wide-band approximation
with nonzero matrix elements of GL/R set to g ¼ 1.0 eV. As we
have recently reported for a large set of molecules,43 this
approach to calculating the transmission gives a result that is
qualitatively similar to that using periodic three-dimensional
Au electrodes; this is also evident for cumulenes based on
Fig. S5, S9, and S10 in ESI.†

In the absence of an external magnetic eld and at zero-
temperature, the low-bias current density j(r) can be calcu-
lated within the NEGF formalism as
Chem. Sci., 2019, 10, 4598–4608 | 4599
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jðrÞ ¼ ie2ħ
4mp

X
i;j˛C

ðN
�N

Gn
ij

�
jiðrÞVjjðrÞ � jjðrÞVjiðrÞ

�
dE; (3)

where j are basis functions, and C are the functions within the
extended molecular region which we sum over.44,45 Gn is the
non-equilibrium part of the lesser Green's function

Gn ¼ iGrGLG
adV, (4)

with dV being a small symmetric bias difference between the
electrodes, which we set to dV¼ 1 mV. The total current J can be
calculated by integrating the current density over a cross-
section area

J ¼
ð
jðrÞdA; dA ¼ dxdy; (5)

z being the direction of the current. The total current J should be
constant throughout the junction, but as a nite basis set is
used the current will oen not fully converge to the total
current which can be calculated with the standard Landauer–
Büttiker formula. As we show in ESI Part VII,† such deviation
can be particularly large close to the electrodes but is less
signicant along the linear carbon wire. Therefore, we only
plot the current density eld from the rst to the last carbon
atom.

As we want to explore the relation between the current
density and helical molecular orbitals, it is instructive to
analyse the vector eld in a cylindrical coordinate system. The
conversion from Cartesian coordinates is trivial and is
included for reference in ESI Part VII.† As shown in Fig. 2, we
align the carbon axis with the z-axis thereby placing it in the
origin of the r and q dimensions. The colour of each arrow is
scaled by the z or q vector-component normalized by the
vector length (the Euclidean norm), thereby giving it a value
between �1 and +1.

Normalized z-component ¼ vz�� v.�� ; (6)

Normalized q-component ¼ vq�� v.�� : (7)

Each vector in the current density eld is plotted as an
arrow of same length. The length of the vector (the magnitude
of the current density at position r) is the radius of the arrow,
which is scaled relative to the largest arrow in each plot.
Vectors smaller than 5% of the largest z-component (vz) are
not shown.
Fig. 2 Orientation of [4]cumulene in the cylindrical coordinate system
shown from end-view (a) and side-view (b).

4600 | Chem. Sci., 2019, 10, 4598–4608
Splitting helical molecular orbitals

By adding two substituents to an even [n]cumulene its frontier
molecular orbitals become helical as the symmetry is reduced
fromD2d toC2 (see Fig. 1 and ref. 2). In theC2 point group there are
no degenerate irreducible representations and consequently the
HOMO and HOMO�1 are explicitly non-degenerate in the disub-
stituted molecule. However, every pair of helical p-orbitals remain
quasi-degenerate; in the case of S-1,5-dichloro-[4]cumulene the
energy difference between the HOMO and HOMO�1 is only 6
meV. The energetic splitting between the near-degenerate pairs of
helical orbitals is important for several reasons.

First, for the helical orbitals to result in some observable of
interest in an experiment, the energetic splitting must be large
so the orbitals of opposite helicity do not change order due to
structural uctuations.

Second, the helical orbitals are more than just helical. In
the broad sense, they are fully delocalized molecular orbitals
spanning the full length of the molecule. The rectilinear p-
orbitals of the unsubstituted [4]cumulene (Fig. 1a) do not
extend from the p-orbital on rst carbon atom onto the p-
orbital of the last carbon atom, the helical p-orbitals of the
substituted molecule do (Fig. 1b). In this sense the energetic
splitting of the frontier molecular orbitals is a measure of the
deviation from D2d symmetry: from localized p-orbitals to
delocalized helical orbitals.

Finally, the energetic splitting between a pair of degenerate
molecular orbitals is essential for the coherent electron transport
properties, which is the main focus of this study. Within the
approximations of the Hückel method, the contribution to the
total transmission from each pair of near-degenerate molecular
orbitals of opposite symmetry is proportional to the square of the
splitting of the two orbitals as shown in ESI Part I.†46,47 Thus,
from the simplest orbital model, the contribution to the elec-
tronic transmission from a pair of near-degenerate helical
orbitals is predicted to be negligible. As we shall demonstrate,
this is a consequence of destructive quantum interference.48–50

Splitting helical orbitals with substituents

Any pair of substituents that preserves the helicogenic C2

symmetry of the molecule can be used to reduce the symmetry
and obtain helical molecular orbitals. However, simple
substituents have little effect on the energetic splitting of the
helical orbitals. As we show in ESI Part II,† the electron with-
drawing or accepting character of the substituents has only
marginal inuence on the splitting of the near-degenerate
orbital pairs. Furthermore, the order of the helical orbitals is
not controlled by the choice of substituent, thus for any S-
enantiomer we nd the HOMO to be a P-helix and the HOMO�1
to be an M-helix. In other words, electron withdrawing and
accepting substituents are not found to produce an opposite
effect on the helical orbitals.

Pyramidalized single-faced p-donors

We nd that substituents that provide additional stereogenic
centres while retaining the C2 symmetry of the molecule can
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 HOMO and HOMO�1 of (+)S(+) and (�)S(�) conformations S-
1,5-diamino-[4]cumulene. The HOMO of (+)S(+) is an M-helix and the
HOMO�1 is a P-helix; the order is reversed for the (�)S(�)
conformation.
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provide both signicant energetic splitting and tune the order
of the helical frontier orbitals. Pyramidalized single-faced p-
donors are a class of such substituents commonly used in
organic chemistry, the simplest being the amine (–NH2)
substituent. In Fig. 3, the three optimized conformations of S-
1,5-diamino-[4]cumulene are shown. The two hydrogen atoms
on each amine bend, which is generally perceived as the
consequence of the nitrogen having a lone-pair orbital. Given
the axial chirality of the molecule (S in this case), each nitrogen
lone-pair will point in one of two directions which is described
by the (approximate) C]C–N–lone-pair dihedral angle. As we
nd by optimization of the conformations, this dihedral angle
is approximately �110� as depicted by Newman projections in
Fig. 3. The three distinguishable combinations of the lone-pairs
give rise to the three conformations, which we name by whether
each lone-pair is in the + or � conguration, e.g. (+)S(+) is the S-
enantiomer with both lone-pairs in the +110� conguration.
This is just a designation of the absolute chirality of the three
conformations, which are related by diastereomerism. Each of
these three have a corresponding mirror-image, for example,
that of (+)S(+) will be (�)R(�).

The conguration of the amine lone-pairs, each of them
a chiral centre, affects the order of the helical molecular
orbitals. Shown in Fig. 4, in the (+)S(+) conformation of S-1,5-
diamino-[4]cumulene the HOMO is an M-helix and the
HOMO�1 a P-helix. This order is reversed in the (�)S(�)
conformation where the HOMO is a P-helix and the HOMO�1
an M-helix. The frontier molecular orbitals of these two
conformations look like mirror images as the helicity of each
orbital is opposite; but these two conformations are not each
other's mirror images as both are S-enantiomers with regard to
the axial chirality.
Fig. 3 Optimized molecular structure and Newman projections along
each C–N axis (approximate). The three distinguishable conformations
of S-1,5-diamino-[4]cumulene are shown. The � denotes the plus or
minus configuration of the pseudo dihedral angle (approximately
�110�) measured at C]C–N–lone-pair, and the S/R denotes the axial
chirality of the molecule.

This journal is © The Royal Society of Chemistry 2019
The energy splitting is also notably stronger with pyr-
amidalized single-faced p-donors. Listed in Table 1, splitting
of the HOMO and HOMO�1 are over an order of magnitude
larger for the amine-substituted [4]cumulene than for the
chloro-substituted case. Shown in Fig. S1 in ESI,† the frontier
orbitals of the (+)S(�) conformation lose most of their helicity
as the orbitals are near-degenerate (splitting is similar to the
chloro-substituted case, see Table 1) and the symmetry is
reduced to C1. The fact that the HOMO and HOMO�1 remain
quasi-degenerate in the (+)S(�) conformation conrms that
it is the lone-pair congurations that control the orbital
splitting; having two lone-pairs of opposite chirality thus
leads to a cancellation of the splitting effect on the helical
orbitals.

The amine substituent is not a special case, and similar
substituents such as dimethylamine and phosphine provide
even larger splitting in the frontier orbitals of [4]cumulene, as
shown in ESI Part III.† It appears that any substituent with
a tilted orbital system (making it an additional stereogenic
centre in an even [n]cumulene) can be used for systematically
splitting and tuning the order of helical molecular orbitals. A
range of realistic substituted cumulenes are likely to exist
where this end-group effect on the helical p-system can be
utilized.51 For example, aryl-substituted cumulenes have this
property as we demonstrate in ESI Part IV.† Such systems
have been reported in the literature and may hold promise for
further functionalization at the chemically stable phenyl
rings.52–56

The possibility of systematically splitting the helical fron-
tier orbitals of cumulenes by chemical design opens the
Table 1 Energy splitting of the HOMO and HOMO�1 of 1,5-disub-
stituted [4]cumulenesa

NH2

(+)S(+)
NH2

(–)S(–)
NH2

(+)S(–)
Cl

78 76 5 6

a Given as absolute energy difference in meV.

Chem. Sci., 2019, 10, 4598–4608 | 4601
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possibility of experimental verication of the existence of
helical orbitals spanning the length of linear molecules;
a verication which ideally should be found by revisiting
spectroscopic experiments on optical activity11,57–59 or with
novel orbital imaging techniques.60–66 Here, we will explore
how the helical orbitals inuence the coherent electron
transport properties of even [n]cumulenes with the aim of
making explicit predictions for single-molecule conductance
experiments.
Electron transport properties

Let us now consider the coherent electron transport properties
of the three conformations of S-1,5-diamino-[4]cumulene.
Amines are common binding groups in single-molecule junc-
tions because the nitrogen lone-pair forms a donor–acceptor
bond to the gold electrode.67 Therefore three junction geome-
tries can be made, as shown in Fig. 5, which have a one-to-one
correspondence with the three conformations of the free
molecule.

In the bottom panel of Fig. 5, the calculated Landauer
transmission is shown for the three Au–molecule–Au junc-
tions. In a broad energy range around the Fermi energy the (+)
S(+) and (�)S(�) conformations have high transmission,
Fig. 5 Optimized junction structures for (+)S(+), (�)S(�), and (+)S(�)
conformations of 1,5-diamino-[4]cumulene and transmissions plotted
semilogarithmically against energy. Only tip Au atoms are shown for
clarity.

4602 | Chem. Sci., 2019, 10, 4598–4608
while the transmission of the (+)S(�) conformation is almost
two orders of magnitude lower as the HOMO and HOMO�1
remain quasi-degenerate (see Table 1). The phases of each
molecular orbital differ at one of the nitrogen atoms (Fig. 4
and S1†), and consequently the transmission is suppressed
due to orbital symmetry unless the near-degeneracy is
broken.46,47 The high transmission of the (+)S(+) and (�)S(�)
conformations is in direct agreement with the prediction that
the energy splitting of the otherwise degenerate frontier
orbital pairs control the transmission at the Fermi energy as
we show in ESI Part I,† and originally demonstrated by
Yoshizawa and co-workers.46,47

While the three junction structures shown in Fig. 5 are very
similar, the transmissions of the three clearly differ and are
a testament to the special electronic structure of even
[n]cumulenes. As described in previous work and in ESI
Part V,† no such behaviour is seen for the equivalent confor-
mations of odd [n]cumulenes.68,69 The apparent transmission-
suppression in even [n]cumulenes agrees with recently
proposed guidelines for destructive quantum interference in
the isolobal Möbius annulenes.2,70,71 Although substituents
have been demonstrated to effectively tune conductance and
specically interference effects,72–75 it is unusual that the
anchoring groups directly impact destructive quantum inter-
ference.76,77 Unlike anchoring groups in general, the chiral
amine substituents provide a direct effect on the helical elec-
tronic structure of even [n]cumulenes and thus control their
electronic transmission.

An explicit prediction for single-molecule junction experi-
ments emerges from these results. For a racemic mixture of
1,5-diamino-[4]cumulene, or an equivalently substituted
system, the high and low transmission modes will result in
two separate peaks in a single-molecule conductance histo-
gram. This prediction does not depend on the separation of
the different conformations and enantiomers, it only requires
that eachmeasurement can be done on a timescale faster than
that of the interconversion between conformations. For the
case of the amine-substituted [4]cumulene, such an inter-
conversion will be rapid for the free molecule. However, in ESI
Part VI† we estimate the barrier for the bound molecule to
�0.3 eV (�7 kcal mol�1). While the timescale of interconver-
sion will depend on the specic choice of substituent and
experimental environment, the interconversion barrier is
approaching a magnitude where the bimodal conductance
can be resolved in break-junction experiments at room
temperature.

Current density through cumulenes

In the low-bias regime, electron transport through a single-
molecule junction proceeds via a tunnelling mechanism
through broadened molecular orbitals that are weakly
coupled to the electrode states.67 As implied in eqn (3) and (4),
the current density through a molecular device is intimately
linked to its electronic structure.42,78–80 As we examine the
relation between structure and current density in cumulenes,
we note that the s-band electrodes are depicted as dihydrogen
This journal is © The Royal Society of Chemistry 2019
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molecules, and that we systematically utilize colour-schemes
to show the direction of each vector as described by eqn (6)
and (7) in the Methods section.
Current through rectilinear p-orbitals

In conjugated molecules the p nodal plane is normally
preserved in the current density, and as shown in Fig. 6 the odd
[n]cumulenes are no different. By plotting the current density
vector eld in different ways in Fig. 6 we highlight different
characteristic traits. By plotting it on a dense spatial grid in
Fig. 6a and b it is clear that the vector eld is a continuous
function that is dominated by linear currents with a nodal plane
throughout the molecule. By magnifying the arrows on a coarser
grid in Fig. 6c, we can appreciate the direction of each arrow
and, as highlighted by the colour scheme, most currents are in
the direction of the total current. Changing the colour-scheme
of the vector eld does not change these conclusions. Shown
in Fig. 6d, the vector eld is plotted on a grid identical to Fig. 6c
but instead coloured by the normalized q-component (see eqn
(7)). While there are uctuations in the current density giving
rise to non-zero q-components, the current density is predom-
inantly linear through the molecule.
Fig. 6 Current density calculated at the Fermi energy for cis-1,6-dia-
mino-[5]cumulene; the 6-carbon cumulene with normal rectilinear p-
orbitals. (a) Vector field calculated on a high-density grid and coloured
by the z-component shown from top-view. (b) Vector field calculated
on a high-density grid and coloured by the z-component shown from
side-view, with the nodal plane in the current clearly visible. (c) Vector
field calculated on a low-density grid and coloured by the z-component
shown from side-view. (d) Vector field calculated on a low-density grid
and coloured by the q-component shown from side-view.

This journal is © The Royal Society of Chemistry 2019
Current through helical p-orbitals

In even [n]cumulenes the frontier molecular orbitals that carry
the current are helical; in the case of 1,5-diamino-[4]cumulene
the helicity of the frontier orbitals is systematically controlled
by the conformation of the molecule. In Fig. 7 the current
densities of the (+)S(+) and (�)S(�) conformations are shown
coloured by the q-component. Both conformations exhibit
clear circular currents around the linear wire, particular
around the second and fourth carbon atoms. In the (+)S(+)
conformation the current loops clockwise, in the (�)S(�)
conformation it loops counter-clockwise. The current densi-
ties of the two conformations look like they are somewhat
related by mirror-image symmetry, but it is the chirality of the
electronic structure that is mirrored; the (+)S(+) and (�)S(�)
conformations are not mirror images of each other. These
circular currents are reminiscent of the ring currents found in
cyclic p-conjugated molecules such as benzene, and we shall
see there are more similarities with the currents in cyclic
molecules.81–83

By inspection, the current density shown in Fig. 7 is clearly
dominated by circular currents. When plotting the vector eld
on a dense grid it becomes apparent that there is a nodal plane,
which can be seen from the side-view as the carbon atoms (grey
balls) are visible through the arrows when their radius is very
small. This is peculiar as the helical orbitals have helical nodal
planes. The nodal planes in the current density of the (+)S(+)
and (�)S(�) conformations are related by a 90� rotation around
the z-axis, as can be seen by comparing the two rightmost
columns of Fig. 7. This brings us back to the fact that the helical
orbitals are a superposition of the rectilinear p-orbitals.2 While
it is not obvious where the nodal plane in the current density
forms, it is clear that the nodal planes have their origin from
mutually orthogonal p-orbitals.
Helical orbitals and circular currents

Let us now explore the link between electronic structure, elec-
tronic transmission, and current density. In Fig. 8 we show the
transmission, molecular orbitals, and current density at select
energies as calculated with s-band electrodes for the (�)S(�)
conformation of 1,5-diamino-[4]cumulene. While previous
gures showed the current density at the Fermi energy, the bias
window is instead opened at specic energies in Fig. 8.

The current density calculated at the HOMO resonance (at
�1.475 eV) looks similar to those at the Fermi energy (Fig. 8),
however, with a circular current of the opposite direction at the
central carbon atom. The number of times the circular currents
change direction along the z-axis has an energy dependence. At
higher energies, e.g. close to the LUMO resonance, the circular
currents change direction more frequently as seen by the
alternating colours in the current density. At lower energies, e.g.
at �4.859 eV at the HOMO�4 resonance, there is no change of
direction and the currents are almost perfectly circular along
the full length of the wire.

Just below the HOMO�1 resonance energy, a sharp anti-
resonance appears in the transmission. Plotting the current
density at an energy on the other side of the antiresonance (at
Chem. Sci., 2019, 10, 4598–4608 | 4603
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Fig. 7 Current density calculated at the Fermi energy for the (+)S(+) and (�)S(�) conformations of 1,5-diamino-[4]cumulene. The vector field is
shown on both low and high-density grids and is colored by the q-component.
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�2.0 eV), we see a full reversal of the ring currents compared
with that seen at the HOMO resonance. That is, the full current
density eld runs in the reverse circular direction. This ring-
current reversal was also found in meta-linked benzene and is
a clear signature of destructive quantum interference along
with the antiresonance in the transmission.84

The ring-current reversal is also seen around the LUMO
resonance where a narrow antiresonance appears as shown
specically in Fig. 9. The full reversal of circular currents is clear
when colouring the vector eld by the q-component. However,
the reversal effect is even more pronounced when colouring the
vector eld by the z-component. The current density has strong
currents running against the direction of the total current; these
currents also fully reverse at the antiresonance. The current
densities through these linear wires are remarkably turbulent,
a surprising manifestation of electrohelicity in the coherent
transport properties of even [n]cumulenes.
Fig. 8 Transmission calculated with s-band electrodes, molecular orbita
the (�)S(�) conformation of S-1,5-diamino-[4]cumulene. The current den
component. In the transmission plot, arrows indicate orbital energy (at t
energy at which the current density is calculated.

4604 | Chem. Sci., 2019, 10, 4598–4608
Circular currents in long wires

Though very long cumulenic wires are not realistic synthetic
targets at the current time, we nd it instructive to examine the
behaviour of long wires. The nodal structure of the helical
orbitals is fully preserved for longer wires, and the examina-
tion of the current density of [4]cumulene is expected to be
general for the longer members of the series of even
[n]cumulenes.

In Fig. 10 the current density at the Fermi energy is
shown for the (+)S(+) and (�)S(�) conformations of
1,15-diamino-[14]cumulene. Just as the structure of the mole-
cule is simply a long version of the shorter cumulenes, the
current density patterns are identical to those of their shorter
counterparts. There are strong circular currents of opposite
directions in the (+)S(+) and (�)S(�) conformations. These
circular currents are strongest around approximately every
second carbon atom, and therefore seven current vortices are
ls of the junction, and current density calculated at select energies for
sity vector field is shown on a high-density grid and is colored by the q-
he corresponding transmission resonances), colored dots indicate the

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Transmission calculated with s-band electrodes and current
density calculated around the LUMO resonance energy for the (�)S(�)
conformation of 1,5-diamino-[4]cumulene. The current density vector
field is shown on a high-density grid and is coloured by the z-
component (first row) and by the q-component (second row). In the
transmission plot coloured dots indicate the energy at which the
current density is calculated.

Fig. 10 Current density calculated at the Fermi energy for the (+)S(+)
and (�)S(�) conformations of 1,15-diamino-[14]cumulene; the 15-
carbon cumulene with helical p-orbitals. The vector field is calculated
on a high-density grid and coloured by the q-component.

This journal is © The Royal Society of Chemistry 2019
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apparent in these [14]cumulenes. Considering it is the chirality
of the amine groups at the termini that control this behaviour, it
is remarkable that the circular current patterns are fully
retained even in much longer wires.
Conclusions

We have presented a general chemical strategy for splitting the
otherwise degenerate helical frontier molecular orbitals of even
[n]cumulenes. By using pyramidalized single-faced p-donors
signicant energetic splitting of the helical orbitals can be
achieved, and it is the chiral centre at the lone-pair of such
substituents that controls the helicity of the frontier orbitals.
Consequently, we predict that helical orbitals will manifest
themselves in experimental observables.

Here, we have demonstrated that the coherent electron
transport properties of these cumulenic wires are directly
controlled by the helicity and energetic splitting of the frontier
orbitals. This allows us to explicitly predict the appearance of
bimodal single-molecule conductance in single-molecule junc-
tion experiments. The current density through even [n]cumu-
lenes is also dictated by their helical orbitals and strong circular
currents are found along the wires. The direction of these
currents is controlled by the chirality of the helical orbitals. We
show that this is a manifestation of destructive quantum
interference as the ring currents show full reversal around
antiresonances in the transmission.

There are apparent perspectives in the nding of strong
circular currents in linear carbon wires. Unidirectional ring
currents will give rise to a magnetic eld and even [n]cumulenes
may therefore exhibit magnetoresistance.85–87 Such effects have
recently been demonstrated in more complex molecular
systems at room temperature,88–91 and would be remarkable to
nd in a truly linear atomic wire. Furthermore, if there is
signicant coupling to the electron spin [n]cumulenes could
potentially function as spin lters.92–95 It is clear that the effect
of helical electronic structure on the electron transport prop-
erties of linear wires must be explored further, and existing
theories for describing transport through helical systems must
be revisited in future research.96–100 Cumulene-based materials
have been suggested and demonstrated in polymers;101–103 we
envision the knowledge of helical electronic structure can form
the basis for molecular devices and materials with novel elec-
tronic functionality.
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J. C. Kieffer, P. B. Corkum and D. M. Villeneuve, Nature,
2004, 432, 867.

61 J. Repp, G. Meyer, S. M. Stojković, A. Gourdon and
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