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Helicenes are inherently chiral polyaromatic molecules composed of all-ortho fused benzene rings possessing a spring-like struc-

ture. Here, using a combination of density functional theory and tight-binding calculations, it is demonstrated that controlling

the length of the helicene molecule by mechanically stretching or compressing the molecular junction can dramatically change

the electronic properties of the helicene, leading to a tunable switching behavior of the conductance and thermopower of the

junction with on/off ratios of several orders of magnitude. Furthermore, control over the helicene length and number of rings is

shown to lead to more than an order of magnitude increase in the thermopower and thermoelectric figure-of-merit over typical

molecular junctions, presenting new possibilities of making efficient thermoelectric molecular devices. The physical origin of

the strong dependence of the transport properties of the junction is investigated, and found to be related to a shift in the position

of the molecular orbitals.

1 Introduction

Interest in single-molecule junctions arose from their origi-

nally proposed role as functional elements in electronic de-

vices1. In recent years it has been realized that molecular

junctions (MJs) can potentially fulfill additional functional-

ities ranging from opto-electronics and spintronics to ther-

moelectric energy conversion2–4, which is the focus of this

work. The thermopower and the thermoelectric figure of

merit (FOM) are measures of a junction’s ability to convert

a temperature difference into electric power, and MJs were

suggested as candidates for efficient and high-power ther-

moelectric devices5–14 due to their low dimensionality, large

versatility and low thermal conductance4,15,16. While there

have already been several demonstrations of thermoelectric

energy conversion in single-molecule junctions17–24, unfor-

tunately the typical thermopower is rather small (S ∼ 5 −
50 µV/K), much smaller than that of commercially available

semi-conductor-based thermoelectrics. Increasing the ther-

mopower of molecular junctions is an essential step if MJs

are ever to become relevant energy conversion technologies.

The natural question that arises in this context is then: is there

a way to in-situ increase the thermopower, S, and the thermo-

electric FOM, ZT , of MJs?

In this letter, we propose to focus on helicene-based molec-
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ular junctions (HMJs), which can be used as a tool to help

answer the above question. [n]Helicenes are aromatic com-

pounds in which n benzene rings or other (hetero)aromatics

are angularly annulated to give helically-shaped molecules

with a spring-like structure (Fig. 1(a)). The chemistry of he-

licenes has been systematically explored for more than half

a century (for recent reviews see, e.g.25–28), and a renewed

and growing interest in helical aromatics is clearly visible

within the last decade. Although the number of applications

of helicenes is so far rather limited, they have already found

astonishing applications to enantioselective organo- or tran-

sition metal catalysis29,30, molecular recognition,31,32 self-

assembly,33 nonlinear optical materials,34–36 chiral materi-

als,37–39 and chiroptical electronic devices.40–42 Furthermore,

as a first step towards realizing single-molecule junctions, he-

licenes have been placed on surfaces and probed with atomic

force and scanning tunneling microscopes.43–50

We suggest that the distance r between the two metallic

electrodes of a helicene molecular junction (Fig. 1(b)) can be

used as an experimental control parameter that can be tuned to

alter and probe the properties of the HMJ. Due to the spring-

like structure of the helicene molecule, when the junction is

compressed, i.e., the distance between the electrodes of the

junction is reduced, the couplings between the carbon orbitals

on the benzene rings increases, opening additional transport

paths for the electrons and coherently changing the electronic

properties of the MJ. Regulation of the electrode distance in

molecular junctions has already been introduced as a means to

control and measure the molecular forces and couplings51–54

(interestingly, fullerene C60 was already demonstrated to min-
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tionally expensive and lengthy, (ii) the TB model allows for in-

terpretation of the DFT calculation in terms of a simple phys-

ical picture, which is in many cases hard to build from the

output of the DFT calculation (typically energies, orbitals and

transmission), (iii) additional effects (such as dephasing, see

below) cannot be introduced within the DFT calculation. The

helicene molecule TB Hamiltonian is given by

HM = ∑
i

ε0|i〉〈i|− t ∑
〈i,i′〉

|i〉〈i′|− t1 ∑
{i, j}

|i〉〈 j| , (1)

where |i〉 represents the orbital located on the i-th atom in the

helicene, ε0 is the orbital energy, t is the nearest-neighbor

hopping matrix elements (with 〈i, i′〉 representing nearest-

neighbor orbitals), and t1 represents hopping matrix elements

between sites that reside vertically one above the other on ad-

jacent turns of the helix, so-called inter-stack hopping (with

{i, j} representing vertically-neighboring orbitals). t and t1 are

graphically depicted in Fig. 1(c). The electrodes are treated

within a wide-band approximation82 through a self-energy

term,

Σ
r,a
T,B =∓iΓT,B ∑

iT,B

|iT,B〉〈iT,B| , (2)

where r(a) stands for retarded (advanced) self energy, T and

B stand for top- and bottom-electrodes, respectively, and ΓT,B

are the corresponding electrode-induced level-broadenings

(we set ΓT = ΓB = Γ for simplicity hereafter). The indices

iT,B represent the sites on the helicene molecule that are in

contact with the electrode (see Fig. 1(c)). We assume the edge

benzene rings of the helicene couple with the electrodes via

the four external orbitals (that is, the edge rings lie almost flat

on the electrodes). We found that changing the contact config-

uration does not qualitatively change our results.

To obtain the TB parameters, parameters ε0, t, t1 and Γ are

tuned for a best fit between the transmission functions as ob-

tained from the tight-binding and from the DFT for a HMJ

(formed by 2,21-diaza[9]helicene (4) and gold (1,1,1) elec-

trodes) at ∆r = 0. In the top inset of Fig. 4 the transmission

curves of the DFT (solid blue line) and TB (dashed red line)

calculations are shown, with the best fit yielding the tight-

binding parameters ε0 = −0.61 eV, t = 1.98 eV, t1 = 0.279

eV and Γ = 1.78 eV. The TB curve fits the DFT data very

well, even with such a small number of parameters and espe-

cially around the HOMO and LUMO resonances and below

the HOMO level (note that for transport calculations, the im-

portant fit region is within kBT from the Fermi level).

To capture the HMJ electronic behavior under compression

or stretching, it is necessary to know the r-dependence of the

TB parameters. It is safe to assume that the orbital energy

ε0 and the nearest-neighbor hopping element t do not change

substantially when the helicene molecule is stretched, and that

most of the change occurs in t1 and Γ. Based on knowledge

that the dependence of t1 and Γ on r originates from changes in

the overlap of wave-functions, a reasonable assumption is that

they depend exponentially on r, t1(r) = t1 exp
(

− r
ξt

)

, Γ(r) =

Γexp
(

− r
ξΓ

)

. The values of ξt and ξΓ are found by fitting

the TB transmission at the Fermi energy T (εF) (which at low

temperatures is proportional to the conductance67,68) to the

DFT data. In Fig. 4, the conductance is plotted as a function

of the the change in the inter-electrode distance, ∆r, obtained

from the DFT data (filled gray squares) and the TB calculation

(solid blue line). This fit yields the values ξt = 1.33Å and

ξΓ = 1.2 Å . To demonstrate that it is necessary to include the

change in t1, the dashed orange line of Fig. 4 shows T (εF)
as a function of r for the case where only Γ is dependent on

r and t1 is independent of r (i.e. where the transport depen-

dence on r comes only from the change in the contacts, while

the electronic structure of the molecule itself is unchanged).

The striking difference between the dashed orange line and

the DFT calculation (filled gray squares) clearly shows that the

internal electronic structure of the molecule is changed upon

stretching (via a change in t1). The bottom inset of Fig. 4

shows the thermopower S as a function of r based on the DFT

data and TB calculation (solid blue line). While some shift is

visible, the overall order of magnitude and trend are similar,

which is impressive considering the small number of parame-

ters in the model and the fact that thermopower is extremely

sensitive to small variations in the parameters of the molecu-

lar junction78,83 (note that the thermopower is approximately

proportional to the logarithmic derivative of the transmission

function).

To demonstrate the potential of HMJs as switches, in Fig.

5 the I −V curve of a [9]helicene HMJ is plotted for two

values of stretching distance, r = −2Å (solid blue line) and

r = 2Å (dashed yellow line). The prominent dissimilarity be-

tween them shows that the HMJ can be mechanically switched

from a ”metallic” (”on” state) to an insulating (”off”) state.

The bottom-right inset shows the same on a log scale, to more

clearly show the four orders of magnitude change in the cur-

rent for low biases.

Besides an electronic switch, HMJs can serve as a thermo-

electric mechanical switch, i.e. a junction who’s thermoelec-

tric current - the current due to a temperature difference - can

change substantially. In the top-right inset of Fig. 5, the cur-

rent is plotted as a function of temperature difference ∆T (at

zero bias) for r =−2Å (solid blue line) and r = 2 Å (dashed

yellow line). We set the temperature of the right electrode to

be room temperature, TR = 300K, and the temperature of the

left electrode is TL = 300+∆T . The thermo-current shows

∼ 4 orders of magnitude difference between the two states

at ∆T ∼ 50K (in fact, since the thermopower changes sign,

in principle one can have perfect thermo-electric switching

because the ”off” state can be tuned to have zero thermo-
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