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Probing molecular chirality via electronic transport
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We investigate electronic molecular transport in several conjugated organic oligomers by means of ab initio

calculations and nonequilibrium Green’s functions method. We demonstrate that the /-V characteristics of these
molecules constitute a direct manifestation of their degree of molecular chirality, which is calculated using
group theory and depends exclusively on the atomic positions. This result shows that electronic current through
these specific molecules is strongly correlated with their geometrical degree of chirality.
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Chirality, a term coined by Lord Kelvin to describe the
absence of mirror symmetry of some geometrical objects, is
an ubiquitous phenomenon in nature.! Since the discovery of
molecular handedness by Pasteur in 1848 and the birth of
stereochemistry, it was realized that molecular chirality has
many important implications in several domains of natural
sciences.!> Various optical phenomena have their origin on
molecular chirality, such as its classical manifestation, the
natural optical activity."? The interplay between chirality and
magnetism leads to novel optical phenomena, such as the
magnetochiral effect'~” Chirality has also been proposed as
an alternative route to generate negative refraction.’

Despite its ubiquity and its fundamental and practical im-
portance, the problem of whether chirality can be quantified
has only relatively recently been addressed.!*!° Using group
theory, Harris et al. defined rotationally invariant pseudo-
scalar chiral indexes and applied them to quantify the degree
of molecular chirality, showing how they govern a particular
observable, such as the pitch of a cholesteric liquid crystal'®
and the optical rotatory power.!! These geometrical chiral
indexes were shown to be proportional to the cross sections
of magnetochiral light-scattering systems, demonstrating that
it is possible to measure the degree of chirality by means of
light-scattering experiments.’

Symmetry also governs transport properties in a very fun-
damental way, as stated by the Onsager relations.'? For in-
stance, in magnetochiral systems symmetry allows an odd
dependence in the magnetic field, in contrast to the com-
monly believed even dependence.'®!# The interplay between
chirality and electronic molecular transport has been studied
in chiral structures, such as carbon nanotubes!® and DNA
strands.!® Since the pioneering work by Aviram and Ratner,'’
symmetry properties of complex chiral molecules have been
explored to generate rectification.'®2% Rectification in chiral
“tour wires”” molecules has been extensively investigated, in-
cluding the role of the metallic contacts and intermolecular
interactions, by means of first-principles calculations.>'~>3
Molecular chirality and structural properties can induce an
asymmetry in electronic transport, also leading to
rectification.?* Another important example of the strong cor-
relation between molecular geometry and molecular elec-
tronic transport is given in Ref. 25, where the conductance of
single biphenyl molecules was experimentally shown to de-
pend on the square of the cosine of the twist angle between
the phenyl rings.
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Despite the intense research on the effects of molecular
geometry and chirality in electronic transport, we are un-
aware of any study about the connections between quantita-
tive indices of chirality based on molecular geometry and
physical observables in electronic transport. This is the aim
of this paper, where we demonstrate that this connection ex-
ists, by showing that the /-V characteristics of well-known
molecular devices constitute a direct manifestation of their
degree of chirality, calculated using the purely geometrical
chiral index proposed in Ref. 10. To accomplish this, we
study electronic transport in several organic conjugated oli-
gomers of the family of oligo-(para)phenylene-vinylene at-
tached to orthopropyl radical in all phenyl rings (PPV mol-
ecules, see for instance Refs. 26 and 27) by means of ab
initio calculations and nonequilibrium Green’s functions
(NEGFs) method. PPV polymers are standard chiral organic
devices that have been largely used as organic light emission
diodes (OLEDs) and organic field emission transistors
(OFETs).

Hartree-Fock (HF) derivative calculations with several
basis sets have been applied to obtain the charge distribution
through the molecule under an external electric field. A full
optimization in a closed-shell model for the Roothaan-Hall
matrix were utilized, FC=SCE, where E is the orbital energy
diagonal matrix and S and C are matrices corresponding to
the overlap integral and to the coefficient in the linear com-
bination of atomic orbitals, respectively. The Fock matrix F'
is given by?®

M
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where the terms correspond to core energy, Coulomb, ex-
change interactions, and the external fields, respectively.
(uv|No) and (u\|vo) are two electronic integrals that may
involve up to four different basis functions. The current is
given by the instantaneous charge distribution in the mol-
ecule for each value of the external electric field. To calculate
the charge distribution we have taken into account all mo-
lecular orbitals for a realistic description so that every point
in the I-V curve is an independent optimization of the HF
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calculation, as in previous works.?!*> The dipole moment p
is calculated as a continuous distribution in the r function
and averaged over the wave functions of the quantum-
mechanical dipole operator, p=2,;r;+>,Z,R,, where Z, and
R, are the charge of the nuclear core and the distance be-
tween the origin and nucleus A, respectively.

In order to investigate the effects of geometry and chiral-
ity on the electronic transport of single molecules, it is de-
sirable to electronically decouple the molecule from the con-
tacts. A strong molecule-contacts coupling significantly
modifies the molecular geometry and hence perturbs the
electronic structure of the molecules.>*** Experimentally,
this decoupling can be achieved by inserting an ultrathin
NaCl film between single molecules and a metallic
substrate’® or by adsorbing the molecules at low tempera-
tures on hydrogenated Si surfaces.?® As a result, it is possible
to probe the individual orbitals of a free molecule by means
of scanning-tunneling microscopy imaging. To model this
desired decoupling in our transport calculations, we do not
explicitly consider the contacts in the ab initio calculations.

The description of electronic transport within the NEGF
method is based on an effective model composed of left (L)
and right (R) electronic reservoirs coupled to the molecular
system described as localized levels. Using this model and
the equations-of-motion method,* the NEGF formalism al-
lows one to calculate the current®®

2e
Ipr= Zf T(E)fur(E) = fri(E)]dE, (2)
where f; r(E) are the Fermi functions in the leads, f; z(E)
={1+exp[(E—uz)/kT1}"", with g,k the chemical poten-
tials, k the Boltzmann constant and 7T the reservoirs tempera-
ture. The transmission coefficient T(E) is given by®

= iR | R 3)
el A , (TE+TR\
(E-E)"+ o

where FiL/ R, treated as parameters in our calculations, are the
L and R tunneling rates between the ith molecular level and
the contacts. The levels E; vary with the bias voltage V,
according to E,:E?— aqV,, with ¢ the electron charge, and «
a parameter that accounts for the asymmetric drop in V,. The
chemical potentials are related to V, as /.LL=/.L(2 and ,L,LR=,U,§)2
—qV,, where the superscript O refers to the V,=0 case. Since
we are not interested here in the physics related to Coulomb
blockade and electronic correlations, we can employ Eq. (2),
which only applies to mean-field calculations, to compute the
current. For the same reason, we will restrict the ab initio
treatment to the HF approximation.

To investigate the interplay between the degree of mo-
lecular chirality and electronic transport, we employ the chi-
ral index ¢, introduced to determine the degree of chirality of
molecules composed of a single atomic species, defined in
Ref. 10 according to

(ﬂ - QilBjmeiijklm , (4)

with € the Levi-Civita tensor. In Eq. (4) the tensors S, B,
and Q are given by
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In Eq. (5) & is the Kronecker delta, r, is position vector of
the atom « relative to the molecular center of mass, and

and ¢, are the eigenvalues corresponding to the matrices B

and Q, respectively. The orthonormal basis of vectors
{e|,e,,e;} specifies the directions of the principal axis of the
molecule. ¢, which only depends on the atomic positions,
mathematically provides a measure of how much chiral an
arbitrary molecule is. As a chiral measure, ¢ is a pseudo-
scalar invariant under rotations, which guarantees that no
rotation of the molecule exists that maps the mirror image of
such molecule onto itself. Also, ¥ must vanish for achiral
configurations, such as bidimensional structures and mol-
ecules composed of less than four atoms.'? The definition of
chiral indexes for molecules composed of different atomic
species exists and takes into account different weight func-
tions that reflect the atomic weight.!'® However, for the con-
jugate organic oligomers, the difference between the values
of these indexes and ¢ [Eq. (4)] is negligible due to the small
atomic weight of the hydrogen relative to the carbon atoms.

The electronic transport properties of the chiral PPV mol-
ecules are discussed in Fig. 2, where the current, calculated
by both HF ab initio and NEGF methods, is calculated as a
function of external voltage V, applied in the direction of the
molecular backbone for two chiral PPV molecules, namely,
the PPV-|l and PPV-antill (Fig. 1). The PPV-antill corresponds
to a different stable configuration of the PPV-|l, where two
propyl radicals are attached to the opposite side of the mo-
lecular backbone. Figure 2 demonstrates that the agreement
between the two independent methods is excellent, as it has
been reported in several others molecular devices,*!*? con-
firming the validity and accuracy of our transport calcula-
tions. The NEGF model, where two molecular levels E;_; ,
are taken into account, already captures the full electronic
dynamics present in the ab initio calculations. In the bottom
panel of Fig. 2 the molecular levels E,_; , and the chemical
potentials at the right and left ends of the molecule, uyg;, are
shown as a function of V,. We take into account levels of
different widths by asymmetric tunneling barriers. Electronic
transport is facilitated whenever the resonant conditions E;
=pu; and E;= uy are reached (indicated by vertical arrows in
the bottom panels of Fig. 2), depending on whether the ap-
plied bias is forward or reverse. This result confirms that the
molecular electronic states are accessed during the transport
process so that the current is determined by the electronic
flow through the molecular backbone. Hence transport is
given by hopping of electrons from the first contact to the
molecular electronic states and then to second contact.

The connection between electronic transport and the de-
gree of molecular chirality is studied in Fig. 3, where the
modulus of the current |/|, calculated by the HF ab initio
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FIG. 1. (Color online) Schematic view of the PPV oligomers.
Parallel conformation (PPV-||) with (a) front view and lateral view
with diedral angle of (b) 15 and (c) 30° [the C3H; radicals were
removed from (b) and (c) for better view] under external electric
field.

method, and the chiral index i, calculated using Egs. (4) and
(5), are exhibited as a function of V, for the PPV-| and
PPV-antill molecules (Fig. 1). Figure 3 demonstrates that ¢ is
strongly correlated with |1, for both molecules exhibited. We
have extensive numerical evidence that this result is valid for
the whole family of organic conjugated oligomers. We con-
clude that electronic transport represents a direct manifesta-
tion of the geometrical degree of molecular chirality in these
specific systems. The variation in V, changes the atomic po-
sitions to generate the most stable molecular configuration.
Hence there is a set of atomic positions and a different value
of ¢ for each value of V,. As V, varies, we have identified
three major stable molecular structural configurations that
manifest themselves as three characteristic behaviors of both
¢ and |I]. For the PPV-| molecule they are: (i) for —2.4
<V,<2.2 V the molecule is quasiplanar (diedral angle 8 of
few degrees) (see Fig. 1) and has an aromatic character; (ii)
for -3.6<V,<-2.4 V and for V,>2.2 V the molecule is
also quasiplanar and resonates, stabilizing into a quinoidal
configuration; (iii) for V,<-3.6 V a new resonance occurs,
giving rise to a change in the diedral angle of §~40°. These
three behaviors are also found for the PPV-antill molecule,
but for slightly different values of V,. Configuration (iii) is
characterized by a more pronounced increase of |I| and ¢ and
by the fact that the molecules acquire a large out-of-plane
component. Thus ¢, and consequently |/|, increase abruptly
since the chiral index of a 3D molecule is expected to be
much larger than that of a quasiplanar one.

In Fig. 4 the modulus of the molecular electric-dipole
moment p and ¢ are calculated as a function of V,, for both
PPV-|| and PPV-antill molecules. p and ¢ are also strongly
correlated, which can be explained by the fact that, when a
molecule has a nonvanishing electric-dipole moment, it is
possible to relate i to p.! p exhibits the three characteristic
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FIG. 2. (Color online) Transport properties of the PPV mol-
ecules. (a) The current (/) as a function of the external voltage V,
for the PPV molecule in the parallel (II) configuration, calculated by
both ab initio HF (open blue circles) and NEGF (full black dia-
monds) methods; In the bottom panel, we show the localized levels,
E; (solid blue line), E, (solid green line), and the chemical poten-
tials u; =0 (black horizontal line), and uz=-eV, (red line) against
V,. The resonant conditions are indicated by vertical arrows. The
parameters for the NEGF calculations are I'’=0.95 eV, I'R
=0.68 eV, and room temperature. (b) The same of Fig. 2(a) but for
the PPV molecule in the antiparallel (antill) configuration.

behaviors (i)—(iii) reported for the current in Fig. 3. Recalling
that ¢/ and 7 are strongly related from Fig. 3, this result shows
that p and I are also correlated.

The analysis of the effects of the molecular dipole on the
I-V characteristics, which have been studied in Refs. 18 and
37, helps to understand in physical terms the connection be-
tween ¢ and /. Indeed, the presence of an interface molecular
dipole in heterojunctions was experimentally shown to affect
the charge distribution in between the junction and hence
modify the potential difference.'® To model this effect, one
can describe electronic molecular transport as a tunneling
process in which the effective height of junctions’s barrier,
@, is altered by the molecular dipole contribution, ®;,,'8

qq)eff = qq)junct - qq)dip’ (6)

where @, is the contribution of the contacts to the barrier
height (for example, in the case of metallic contacts ®;
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FIG. 3. (Color online) Modulus of current || (left vertical axis),
calculated by the ab initio (open blue circles), and chiral index
(right vertical axis, full black circles) as a function of external volt-
age V, for PPV molecules in (a) parallel (I|) and (b) antiparallel
(antill) configurations. The molecules exhibit three structural con-
figurations: (i) quasiplanar and aromatic, (ii) quasiplanar and
quinoidal, and (iii) three-dimensional (3D) and quinoidal.

corresponds to the metal work function). @, is given by
Dy, =(P cos 0)/ €€y, where P is the total dipole moment per
unit of area, € is the effective molecular dielectric permittiv-
ity, €y is the vacuum dielectric permittivity, and € is the angle
between the P and the normal to the contacts; i.e., 0 is the

average diedral angle. The current through the barrier is'®
= q(beff>
I=1 — |, 7
0 eXP( T (7

where [, is related to the ordinary thermionic emission
formula.’® Equation (7) was shown to satisfactorily describe
the experimental /-V characteristics in heterojunctions with
adsorbed molecules at the interface.!® Since our transport
calculations were performed at room temperature, so that
q® i, <kT, Eqs. (6) and (7) yield

—ad.
=1, exp( qﬂ{“"“)(l +

Equation (8) shows that, in a first approximation, / is propor-
tional to the molecular dipole moment, which explains the
linear dependence of I on p found in our transport calcula-
tions. Since i is proportional to p from Fig. 4 and Ref. 10,
the above argument also explains why ¢ is correlated with

gP cos 0)

8
kTee, ®
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FIG. 4. (Color online) Dipole moment p (left, open blue circles)
and chiral index ¢ (right, full black circles) as a function of external
voltage V, for PPV molecules in (a) parallel (I) and (b) antiparallel
(antill) configurations, exhibiting the same three characteristic be-
haviors presented in Fig. 3.

both I and p, as demonstrated in Figs. 3 and 4. In view of Eq.
(8), it is clear the dependence of I on the diedral angle 6 (Fig.
3), which can be interpreted as a torsional parameter that
governs the behavior of ¢ in PPV molecules. Finally, our
findings suggest that electronic transport and natural optical
activity in molecular systems are sensitive to chirality be-
cause they both depend on the molecular dipole moment,
which is in turn related to the degree of chirality.'” Indeed,
the natural optical activity of molecules, both in refraction
and absorbtion, is proportional to the electric-dipole
moment. !

In conclusion, we have investigated the connection be-
tween electronic transport in conjugated organic oligomers
(PPV molecules) and their geometrical degree of chirality.
We have demonstrated that the /-V characteristics and the
dipole moment of these structures are a direct manifestation
of their degree of chirality. We suspect that the connection
between electronic transport and the degree of chirality is
valid not only for PPV molecules but also to other mol-
ecules, provided the electronic transport is affected by the
molecular electric dipole. This aspect is under investigation
and will be reported soon.
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