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Short chains of porphyrin molecules can mediate electron transport over distances as long as 5–10 nm with low
attenuation. This means that porphyrin-based molecular wires could be useful in nanoelectronic and photovoltaic devices,
but the mechanisms responsible for charge transport in single oligo-porphyrin wires have not yet been established. Here,
based on electrical measurements of single-molecule junctions, we show that the conductance of the oligo-porphyrin wires
has a strong dependence on temperature, and a weak dependence on the length of the wire. Although it is widely accepted
that such behaviour is a signature of a thermally assisted incoherent (hopping) mechanism, density functional theory
calculations and an accompanying analytical model strongly suggest that the observed temperature and length
dependence is consistent with phase-coherent tunnelling through the whole molecular junction.

C
harge transport in oligo-porphyrins can be probed by direct
electrical measurements1–4 or by photo-induced electron
transfer5–7. In the former, the oligo-porphyrin is attached to

two electrodes, typically metals, and charge flow through the mol-
ecular wire is measured. In the latter, the oligo-porphyrin forms a
bridge between donor and acceptor moieties, and charge transfer
dynamics are probed using photo-physical methods. Time-resolved
microwave conductivity can also be used to probe the flow of charge
through a molecular wire without the need for metal electrodes1–3,5,8.
All three methods show oligo-porphyrins to be capable of efficient
long-range charge transport. Developments in scanning tunnelling
microscopy (STM) have made it possible to place single porphyrin
molecules between an STM tip and a metal surface, and to measure
either the conductance or current–voltage characteristic of the mol-
ecular bridge1,4. Gold–thiol linkages have been used to bind por-
phyrin oligomers within an electrical junction in an STM, and to
quantify the low-bias conductance of a homologous series of
oligo-porphyrins (which consisted of one, two and three porphyrin
moieties, connected through butadiyne linkers to retain good conju-
gation along the oligomer). The weak decay of conductance as a
function of length attested to their effective long-range charge trans-
port properties1. Subsequently an STM break-junction technique
was used to demonstrate that the position of the thiol linkers on
the porphyrin ring can influence the efficacy with which gold–por-
phyrin–gold junctions are formed4. However, the mechanisms
responsible for charge transport in these single-molecule junctions
with porphyrin wires remain elusive, and it is not clear if coherent
or incoherent process are involved.

It is often assumed that low values of the attenuation factor b (for
example, b¼ (0.040+0.006) Å21 is reported in ref. 1) indicate an
incoherent hopping transport mechanism, on the grounds that
these b values must correspond to barrier heights of less than the
thermal energy at room temperature. However, simple relationships
between barrier height (F) and b, such as b¼ 1.02 ×F1/2, where b

is in Å21 and F is in eV (see, for example, ref. 9), are too crude an
approximation, because they assume a free electron mass, a simple
rectangular barrier and, importantly, a barrier that is independent
of length. As we will show here, ultralow attenuation factors can
be consistent with phase-coherent tunnelling and do not necessarily
imply such low barrier heights. The unusually low attenuation of
these oligo-porphyrins and the fundamental question about the
mechanism of conductance in such wires have prompted us to
investigate the temperature dependence of electron transport,
using a combination of experimental measurements and first-
principles theory.

Temperature variation has been widely used in organic elec-
tronics10, because it is relatively straightforward to cool a bulk
organic device from ambient to low temperatures while monitoring
the current–voltage characteristic. In molecular electronics, where
relatively small numbers of molecules or even single molecules are
attached to electrodes, variable temperature has been used less rou-
tinely. Conducting atomic force microscopy (AFM) has been used
to measure the temperature-dependent conductance of conjugated
oligomers in self-assembled monolayers, sandwiched between a
gold surface and gold-coated AFM tip11,12. Longer oligomers
showed thermally activated charge transport, which was quantified
through Arrhenius-type plots, whereas shorter oligomers showed a
temperature-independent behaviour attributed to tunnelling11,12.
In earlier pioneering experiments, molecular junctions involving a
small number of molecules have been formed between electrodes
defined by electron-beam lithography13. It was shown that charge
transport in such junctions could undergo a transition from tunnel-
ling to incoherent thermally assisted hopping. A transition from
temperature-independent to temperature-dependent conductance
with increasing temperature has also been observed in three-term-
inal molecular devices formed by electromigration14. This was
attributed to the temperature dependence of the Fermi distribution
in the leads14. However, single-molecule break-junction techniques,
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which use either an STM or a mechanically controlled break-
junction, have less frequently applied variable temperature to
analyse transport mechanisms15–19. An example of such measure-
ments is the observation of temperature dependence for redox-
active perylene tetracarboxylic dimide, which was taken as proof
of a thermally activated two-step sequential process18. In what
follows, we use variable-temperature STM to study the conductance
of oligo-porphyrin single-molecule junctions, and we examine the
conduction mechanisms with both an analytical model and
ab initio transport computations based on density functional
theory (DFT).

Single-molecule conductance of oligo-porphyrins
A homologous series of oligo-porphyrins, with one, two and three
porphyrin units, has been examined (oligomers 1–3 in Fig. 1a).
Figure 1b shows a schematic representation of the butadiyne-
linked trimer between gold leads, with the porphyrin rings lying
in one plane. The porphyrins are connected by butadiyne linkers
to promote electronic conjugation along the oligomer, and terminal
pyridine groups enable the wires to be linked to the gold contacts.
These pyridyl terminals have been found to be effective for contact-
ing gold electrodes20–28. Pyridine was also used as a ligand, binding
in an axial position to the metal core of the porphyrin; in its absence
it was difficult to achieve well-defined molecular junctions,
suggesting that it hampers direct interaction of the porphyrin
rings and gold contacts as well as molecular aggregation (see
Supplementary Information). Single-molecule conductance was
determined using the I(s) technique, which uses an STM to form
molecular bridges between a gold tip and a gold substrate
surface23,29–31. The term I(s) refers to the measurement of the
current I as the molecules are extended by a distance s in the
STM junction (see Methods). These I(s) curves are statistically ana-
lysed in histograms to give the junction conductance.

The inset of Fig. 2a shows a selection of current–distance curves
for porphyrin 2 (the dimer). As the STM tip is retracted in the I(s)
experiment, a plateau is observed, with the target porphyrin brid-
ging between the STM tip and the substrate surface. The tip is
retracted until this molecular junction breaks, as indicated by a
sharp drop in the current at the break-off distance. Many I(s)
curves are analysed statistically to produce conductance histograms,
which use in their construction all current values from the collected
I(s) curves. A room-temperature conductance histogram is shown in
Fig. 2a for porphyrin 2 (histograms for monomer 1 and trimer 3 are
shown in the Supplementary Information). Fitting the molecular

conductance sM versus bridge length sM to an exponential decay
(sM/ e−b SM ) for this homologous series gives a very low attenu-
ation factor, b¼ (0.040+0.006) Å21, which attests to the very
shallow length dependence of the conductance. Similar behaviour
has been reported previously for analogous compounds1, but with
thiol end groups rather than the pyridyl groups used in this study.
This demonstrates that the low attenuation of the oligo-porphyrin
bridges remains, even with substantially different linking of
these molecular wires to the metal leads. However, as discussed in
the Supplementary Information, the length dependence alone
provides no definitive indication of the mechanism of charge
transport through these molecular wires. We therefore turn
our attention to an analysis of the temperature dependence of
molecular conductance.

There have been a number of studies of the temperature depen-
dence of the conductivity or photoconductivity of metalloporphyrin
bulk films32,33, bulk materials consisting of metallic nanoparticles
interconnected by oligoporphyrin linkers34 and long porphyrin
arrays2. Charge transport in single-molecule wires is a distinctly
different subject to charge transport in bulk films (see, for instance,
a discussion of the differences between conductance in mesoscopic
wires, bulk conducting polymers and oligomers of polyaniline35).
There have been no studies of single-molecule conductance of
short porphyrin oligomers formed in molecular break-junctions
over a range of temperatures. In the present study, we take the
approach of determining the temperature dependence of single-
molecule junctions analysed with conductance histograms statisti-
cally generated from a large number of junction formation cycles.
These will be free from bulk or ensemble effects, allowing us to
examine the intrinsic conduction mechanism of the porphyrin oli-
gomers. We have carried out single-molecule conductance measure-
ments at elevated temperatures by recording I(s) traces with the gold
samples mounted on a metal plate heated with a variable-temp-
erature resistive heating source. Using this temperature control system,
single-molecule conductance was determined for compound 2 in
the temperature range 25–100 8C using the same histogram analysis
as was used for the room-temperature measurements. Statistically
generated conductance histograms recorded over a range of temp-
erature are shown in Fig. 2b. There is a marked dependence of the
peak position on temperature, indicating thermal activation of the
transport. Such behaviour is conventionally taken as indicating
transport by thermally activated incoherent hopping, which is
why we plot the data in Arrhenius form (inset to Fig. 2b). We
have performed similar variable-temperature single-molecule
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Figure 1 | Structure of the oligo-porphyrins. a, Compounds n¼ 1 (monomer), n¼ 2 (dimer) and n¼ 3 (trimer). The C8H17O pendent side chains in

compounds 1–3 are replaced by H3CO− side chains in the structural model. b, Schematic representation of the butadiyne-linked trimer between gold leads,

when the porphyrin rings lie in one plane. Axial ligands (pyridine) binding to the Zn centres are also not shown (these inhibit aggregation of the molecules

and are observed to promote the formation of Au | oligoporphyrin | Au junctions in the STM experiments). The terminal N atoms are bonded to gold

adatoms on each electrode surface (A−A configuration). Atom colouring: C, dark grey; H, light grey; N, blue; O, red; Zn, pink; Au, yellow.
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conductance measurements for 1 (monomer) and 3 (trimer). The
respective slopes of the Arrhenius plots are 2950 K21 (0.08 eV,
monomer), 21,600 K21 (0.14 eV, dimer) and 22,600 K21

(0.22 eV, trimer).

Mechanisms of charge transport
On first examination, interpretation of the temperature-dependent
transport for the porphyrin single-molecule wires within a
hopping-type model may seem attractive. The clear identification
of hopping sites is not necessarily obvious, because in such a
description the activation barrier may be associated with a loosely
defined subsection of the molecule. Within the simplest models,
potential hopping sites could be considered to be monomeric
units within the oligomer or they could involve two (for the
dimer) or three (for the trimer) electronically connected porphyrin
units. Incoherent transport may then proceed by ionization and
neutralization of these sites or by the formation of polarons.
However, this would imply a decreasing temperature dependence
in moving from the monomer to the trimer, provided the activation

barrier is identified with the decreasing gap between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). Experimentally, the opposite is
observed, with the temperature dependence of the conductance
increasing significantly from monomer to dimer and then to
trimer. The transport behaviour does not therefore readily fit a
simple hopping model, and in the following we show that this
trend is instead consistent with phase-coherent tunnelling.

Although a pronounced temperature dependence and slow decay
of molecular conductance with length of the molecular wire are
commonly taken as signatures of hopping, it is recognized that
coherent tunnelling can also lead to pronounced temperature
dependence of the conductance (see, for example, the discussion
in ref. 10). The temperature dependence of the conductance can
be large when coherent transport takes place on resonance10,14.
On the other hand, far off-resonance, where the energy dependence
of the transmission coefficient is not pronounced, molecular con-
ductance can be almost temperature-independent. For example, in
molecular junctions containing tercyclohexylidene molecular
wires with thiol end groups, the increasing conductance observed
at sufficiently high temperatures has been attributed to the temp-
erature dependence of the Fermi distribution function of the
leads, within a simple resonant tunnelling model14.

For coherent tunnelling at temperature T and bias V, the current
I and conductance G can be calculated by integrating the electron
transmission coefficient T(E) with energy E:

G(V,T) = I(V,T)
V

= 2e
h

∫1

−1

dET(E)f (E−EF−eV/2,T)− f (E−EF+eV/2,T)
V

(1)

where f(x, T)¼ (exp x/kBTþ 1)21 is the Fermi function, kB is
Boltzmann’s constant, e is the electron charge and EF is the Fermi
energy. The transmission coefficient T(E) can be determined from
ab initio DFT calculations, for example. The Fermi function gives
rise to a temperature dependence of the current10,14, even in the
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Figure 2 | Single-molecule conductance data for the dimer. a, Conductance
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absence of a thermally activated hopping mechanism. (As the temp-
erature is increased, eventually electron–electron and electron–
phonon scattering will introduce decoherence — the fit between
theory and experiment, vide infra, suggests that this is not the
case for the molecular junctions measured here.) To illustrate this
temperature dependence, consider the common case where trans-
port is dominated by a single transmission resonance at energy 1

of width G≪ kBT, so T(E) ≈ Dd(E 2 1), where D is the area
under the resonance. This does not depend on the shape of the res-
onance, which could have a Lorentzian or Fano lineshape, or be twin
peaked in the case of a degeneracy36. Equation (1) can then be inte-
grated analytically (see Supplementary Information) to yield

I(V,T) ≈ 2e
h
Dexp(−[|1−EF|−|eV/2|]/kBT) (2)

under the conditions |1 2 EF| ≫ |eV/2| ≫ kBT. Equation (2) indi-
cates that an Arrhenius plot would yield an apparent activation
energy of (|1 2 EF| 2 |eV/2|), as observed in our experiments.

Ab initio DFT computations
Turning to detailed DFT ab initio calculations of T(E), we first
demonstrate that coherent charge transport can produce low
decay factors for the oligo-porphyrin homologous series.
Coherent transport has been widely analysed using ab initio, non-
equilibrium Green’s function implementations of the Landauer
approach of equation (1). Indeed, there are a growing number of
examples of very good correlations between measured molecular
conductance and values computed from this approach, particularly
when self-energy and screening energy corrections are made to the
DFT computed energies23,36–38. Our calculations were carried out
using our ab initio code SMEAGOL39,40. An example of one of
the simulated systems is shown in Fig. 1b, which shows the buta-
diyne-linked trimer between gold leads with the three rings lying
in one plane. In what follows, results will be presented in the pres-
ence of gold adatoms adjacent to the terminal N atoms. Alternative
choices are discussed in the Supplementary Information. Figure 3
shows a comparison between our DFT-computed conductances
and experimental measurements. In recognition that the free

Table 1 | Calculated and measured values of the conductance for the monomer, dimer and trimer (in units of G0) for various
values of the dihedral angle w between adjacent porphyrin rings and the temperatures.
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The Fermi level was aligned at EF 2 EHOMO¼ 0.40 eV for the monomer, 0.39 eV for the dimer and 0.38 eV for the trimer (see text).

ARTICLES NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2011.111

NATURE NANOTECHNOLOGY | VOL 6 | AUGUST 2011 | www.nature.com/naturenanotechnology520

© 2011 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nnano.2011.111
www.nature.com/naturenanotechnology


molecule has a low activation barrier for ring rotation41, two theor-
etical cases are shown, in which the porphyrin rings are either all in
the same plane, or orientated at 158 to one another, which corre-
sponds to the most stable configuration. Much smaller conductance
values are found in the case of orthogonal rings, (Table 1), whereas a
reasonably good agreement is obtained for 08 and 158. A low b value
(0.04 Å21) is obtained experimentally, which is similar to the theor-
etical decay constants for the cases shown in Fig. 3, especially for the
158 case.

In Fig. 4 the transmission curves for molecules 1, 2 and 3 are
plotted for two cases: a planar molecule with a rotation angle of
08 between the rings (Fig. 4a) and the orthogonal case with an
angle of 908 between adjacent rings (Fig. 4b). Notice that DFT
tends to underestimate the value of the HOMO–LUMO gap, but
it is more reliable in predicting relative changes within a homolo-
gous series or between different configurations. When the molecule
is planar, this gap decreases rather strongly (by �0.7 eV on moving
from the monomer to the trimer) as the length of the molecule
increases, which gives rise to a low exponential decay of the conduc-
tance as a function of length. When the rings are perpendicular,
however, the gap changes only slightly (by �0.15 eV). As a conse-
quence of this and the reduction of the width of the resonances,
the transmission values in the gap decrease much more rapidly
with increasing length when the rings are perpendicular, which
gives rise to a rather pronounced exponential decay. Experimental
observations42 indicate that the optical gap decreases by �0.3–
0.4 eV on going from monomer to trimer, and this value lies
between the values computed here for the planar systems and
those with orthogonal rings, respectively. In the light of these exper-
imental and computational observations we conclude the low b
values for 1–3 arise from a combination of the good conjugation
along the oligomers and the length dependence of the HOMO–
LUMO gaps.

The finite-temperature conductance was calculated using
equation (1) and the transmission coefficient T(E) obtained
from DFT. Because the Fermi energy (E F

0) predicted by DFT is
usually unreliable, to compare with experiment we treat the true

Fermi energy EF as a free parameter in equation (1) and adjust
it to fit the temperature dependence of the experimentally
measured conductances. The temperature dependence is sig-
nificant when the Fermi level sits in the tails of the transmission
resonances, but not when it sits on a resonance or in the middle
of the HOMO–LUMO gap. This dependence can be clearly seen if
the conductance as a function of EF is calculated by using
equation (1) and a voltage of 0.6 V (shown in Fig. 5 for the
monomer).

As can be seen in Table 1, where we use a Fermi energy shift of
(EF 2 EF

0), which places the Fermi level within the tails of the
HOMO (see Supplementary Information), the predicted and
measured values for the conductance are rather similar. The
Fermi energy chosen to fit the conductance at a given temperature
is the single adjustable parameter for each molecule. The fact that
the conductance and its temperature dependence are then repro-
duced so well is compelling evidence for our model. The best agree-
ment between the experimental data and the transport
computations is achieved with a Fermi level �0.40 eV above the
HOMO for all compounds. This is consistent with previous esti-
mates for porphyrin oligomers similar to 1–3, which point to the
Fermi level EF lying closer to the HOMO resonance1. For the pur-
poses of the comparison, in Table 1 the theoretical conductance
data are computed at a representative dihedral angle of 158 (note
that the minimum energy is close to 158 dihedral angle for the
dimer, see Supplementary Information) as well as 08 and 908.
Although in reality the dimer and trimer may be exploring a wide
range of torsional angles, selection of a single angle for the compari-
son enables us to compute conductance at a high (and time-inten-
sive) computational level. This agreement between theoretical
calculations and experiments by fitting just one parameter (EF)
demonstrates that the experimental measurements are consistent
with phase-coherent transport. The predicted temperature depen-
dence arises from a combination of the energy dependence of the
phase-coherent tunnelling of electrons through the effective
barrier and the temperature dependence of the Fermi distribution
of the injected electron energies. Note that at sufficiently low temp-
eratures, equation (1) yields a temperature-independent con-
ductance, but the required low temperatures are inaccessible in
our ambient environment STM.
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Conclusions
We have shown experimentally that the single oligo-porphyrin mol-
ecular electrical junctions exhibit significant temperature depen-
dence. A very shallow decay of conductance with length is also
observed. Naively, both of these factors might seem to point to an
incoherent thermally assisted hopping mechanism. However, the
increasing temperature dependence in the sequence monomer–
dimer–trimer goes against such an inference; furthermore, we
have shown that transport in these molecular junctions is convin-
cingly described by a theory based on phase-coherent electron tun-
nelling using EF as a single adjustable parameter.

Methods
The I(s) method has been used to determine molecular conductance and its
dependence on temperature31. In the I(s) technique, current I is recorded and the tip
is rapidly retracted (s¼ distance) from a given set-point current (I0) following
temporarily disabling the feedback loop. The set-point parameters can be used to
control the initial distance between tip and substrate, and for a given bias voltage
higher set-point current (I0) results in a closer initial approach of the tip to the
substrate. If molecules become attached between the gold STM tip and the gold
substrate at the start of an I(s) retraction sweep, they are then pulled up in the
junction until the molecular bridge is broken. This results in characteristic current
plateaux when molecular wires bridge the gap between the tip and substrate,
examples of which are shown in Fig. 2a (inset). However, in the absence of molecular
bridge formation, the current simply decreases exponentially with separation.
The key difference between the I(s) technique and the in situ break-junction
method28,43,44, which also uses an STM as the method of junction formation, is that
direct metal-to-metal contact between tip and substrate is avoided, with molecular
junctions being formed when the STM tip is brought sufficiently close to the surface
covered by the target molecules and then withdrawn while the junction current is
measured. Both techniques, however, use a similar method of analysis in which
current–distance curves, or current steps in the current–distance curves, are
statistically analysed in a histogram representation. Many resulting current–distance
traces are recorded, and those that show discernable plateaux are collected together
in histogram plots of conductance values. The occurrence of plateaux in the
collected I–s curves results in peaks in the conductance histograms. The lowest
conductance peaks are attributed to single molecular junctions. All I(s)
measurements were conducted in air. For a given set-point current and bias voltage,
typically 2,000–4,000 events were made, but only curves showing current steps
associated with the formation of molecular bridges were recorded. These occurred
during 10–20% of retraction events, and curves that did not exhibit such features (for
example, showing exponential decay) were not used in the histogram analysis.

DFT-based transport calculations were carried out using our ab initio code
SMEAGOL39,40, which uses a combination of the SIESTA implementation of DFT45

and scattering theory. SIESTA uses norm-conserving pseudopotentials to eliminate
the core electrons and linear combinations of pseudo-atomic orbitals to calculate the
single-particle wavefunctions. The underlying mean-field DFT-derived Hamiltonian
is then used to compute phase-coherent, elastic scattering properties of the molecule
connected to gold electrodes. The choice of the same large gold contacts in each
computation made the simulations particularly lengthy (the total number of atoms
could be as high as 588 for the butadiyne-linked trimer and up to 1,026 for the tilted
monomer (see Supplementary Information), and we also had to include all valence
states, s and d, in the gold atoms as including only s states gave incorrect charge
transfer between the molecule and the surface). The Au–N binding distance was set
to 2.0 Å, which was obtained by optimizing the distance between the N terminating
atom of a monomer molecule and the gold adatom on top of a gold slab made of
four gold layers, using the same parameters that were used in the transport
calculation. The gold adatom on the surface was also relaxed. Further details are
given in the Supplementary Information.
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