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ABSTRACT: Using scanning tunneling microscope break-junction
experiments and a new first-principles approach to conductance
calculations, we report and explain low-bias charge transport behavior
of four types of metal−porphyrin−gold molecular junctions. A
nonequilibrium Green’s function approach based on self-energy
corrected density functional theory and optimally tuned range-separated
hybrid functionals is developed and used to understand experimental
trends quantitatively. Importantly, due to the localized d states of the
porphyrin molecules, hybrid functionals are essential for explaining
measurements; standard semilocal functionals yield qualitatively
incorrect results. Comparing directly with experiments, we show that
the conductance can change by nearly a factor of 2 when different metal
cations are used, counter to trends expected from gas-phase ionization
energies which are relatively unchanged with the metal center. Our work
explains the sensitivity of the porphyrin conductance with the metal center via a detailed and quantitative portrait of the interface
electronic structure and provides a new framework for understanding transport quantitatively in complex junctions involving
molecules with localized d states of relevance to light harvesting and energy conversion.

KEYWORDS: Porphyrins and metalloporphyrins, single-molecule junction conductance, density functional theory,
nonequilibrium Green’s function, self-energy correction, range-separated hybrid functional

Porphyrin-based molecules have attracted much attention in
nanoscience and solar light harvesting applications1−4 due

to their highly conjugated backbones and strong absorption in
the visible spectrum.5 Crucial to further development of such
systems for future applications is a nanoscale understanding of
energy and charge transfer processes involving such mole-
cules.6−8 While spectroscopic studies can yield new insight via
ensemble measurements, the development of break-junction
techniques9,10 has enabled reproducible measurement of the I−
V characteristics,11 conductance,9 and thermopower12 of
junctions of individual molecular junctions,13−16 especially at
low bias.17 Such studies provide a testbed for a fundamental
understanding of the electronic structure at hybrid inorganic−
organic interfaces, as they directly probe charge transfer at the
molecular level. Prior experimental studies of porphyrin-based
molecular junctions have focused on closed-shell systems, such
as porphyrins with a Zn center,16,18 but open-shell molecules19

such as porphyrins with a Fe center20−22 or a Cr center23 can

introduce additional unprecedented physical phenomena and
functionality,24−26 and more generally, trends in charge
transport in such molecules with metal center have yet to be
probed and elucidated.
In this work, we synthesize a series of both open- and closed-

shell porphyrin-based molecules with different metal centers
and measure their conductance in single-molecule junctions
using the scanning tunneling microscope based break-junction
(STM-BJ) technique. To understand the STM-BJ results, we
develop and apply a new quantitative ab initio approach to
compute conductance through these junctions. Our theoretical
approach is based on self-energy corrected density functional
theory (DFT), applied within the nonequilibrium Green’s
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function (NEGF) framework. Importantly, our approach is
based on hybrid functionals to ensure the correct orbital
ordering of the porphyrins, which can feature localized d states
prominently. Our computational framework explains experi-
ments quantitatively and lays the foundation for future
transport studies for complex molecular systems, particularly
those featuring localized d states prominently, and spin-related
phenomena on surfaces.
The fundamental understanding of charge transport through

metalloporphyrin building blocks in single-molecule junctions9

has led to the discovery of several interesting phenomena, such
as strong image-charge effects16 and a low attenuation factor13

in oligoporphyrins. Given the sensitivity of porphyrin structure
on their single-molecule conductance properties, we investigate
the role of metal ion coordination within the pyrrolic core to
establish ion selectivity and metal ion identification through
differences single-molecule conductance. The modularity of the
porphyrins not only arises from ease of functionalization, but
also from the variable metal ions that can be coordinated within
the core. Herein, the soluble free porphyrin (FP) and
metalloporphyrins shown in Figure 1 are synthesized,
containing soluble groups along the methyne positions in one
axis and thiochroman-based gold-binding groups along the
other axis.27 The metal ions are selected to compare both open-
shell and closed-shell systems. For example, cobalt- and copper-
containing porphyrins (CoP and CuP, respectively) are open-
shell species,28 as opposed to the nickel and zinc porphyrins
(NiP and ZnP, respectively), but their charge transport
properties on contact with electrodes are unknown.
Theoretical studies of charge transport in molecular junctions

primarily make use of either scattering theory30,31 or NEGF
theory.32 In the linear response regime, these two approaches
are equivalent.32,33 Ab initio calculations of transport in
molecular junctions34 with either approach most commonly
employ DFT35−37 in standard approximations, as DFT strikes a
balance among computational cost, chemical specificity, and
accuracy for ground-state properties. However, with popular
local or semilocal functionals, such as the local density
approximation (LDA)38 and generalized gradient approxima-
tions (GGAs),39 the alignment between frontier orbital energies
and the junction Fermi level is significantly underestimated,40,41

leading to an overestimated conductance, usually by an order of
magnitude or more.42,43 Equivalently, the poles in Kohn−Sham
(KS) Green’s functions for the junction differ significantly from
the exact one-particle Green’s functions,44 limiting the utility of
DFT-based transport approaches. A promising alternative is to
combine transport frameworks with many-body perturbation
theory (MBPT) within the GW approximation,42,45 although
often at great computational expense, limiting the complexity of
junctions accessible to this approach. An accurate but more
approximate and computationally less expensive GW method is
the DFT+Σ method, which can correct for junction level
alignment and has been successful for explaining many recent
experiments.42,46,47 In DFT+Σ,42,46 a GW-based self-energy
correction is made to the eigenvalues of the molecular subspace
of the combined electrode−molecule−electrode system, taking
into account (i) the inaccuracy of gas-phase frontier orbital
energies from LDA or GGAs and (ii) nonlocal static
correlations associated with surface polarization.40 DFT+Σ
works well for a broad array of molecules with different linkers,
such as amines,42,46 pyridines,48,47 and phosphines,17 resulting
in quantitative agreement with experiment,42,46 greatly
improving over GGA results. However, for systems with highly
localized d states49 such as the metal porphyrins, complications
can arise. Prior work has shown that, using local or semilocal
functionals, the calculated dominating conducting orbital may
not be the true frontier orbital because of significant self-
interaction errors,50 particularly for metal porphyrins; introduc-
ing a fraction of exact exchange51 via hybrid functionals led to
ordering in agreement with photoemission spectroscopy.52−54

In this work, we extend the DFT+Σ scheme under the NEGF
framework to treat junctions with localized d states using a new
class of hybrid functionals, the optimal-tuned range-separated
hybrid functionals (OT-RSHs),55 not only because they possess
a fraction of exact exchange but also because they lead to
accurate ionization potentials by construction.56,57 We
demonstrate it can explain quantitatively the trends in
conductance of porphyrin-based molecular junctions.
The synthesis of the porphyrins was carried out via a

standard procedure,3 and the thiochroman gold-binding groups
were chosen for their ability to form stable junctions with gold
electrodes.27 Having synthesized FP, the different metal ions

Figure 1. Chemical structures of FP and MP (M = Ni, Cu, Co) with locked alkyl sulfide linkers whose low-bias conductances are measured in break-
junction experiments. To reduce computational cost, we replace the long alkyl group (−C10H21) with a methyl group (−CH3). Also shown is the
PhNiP used to validate the OT-RSH functional (see the Supporting Information). Its IP is known from experiment.29
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were incorporated by adding select metal(II) salts in solution
by refluxing. We show the UV−vis absorption spectra of FP
and metal porphyrins in the Supporting Information, which
shows clear differences arising from the S0−S1 transition (Q
band), whereas the dominant higher energy S0−S2 transition
remains relatively unchanged (B band). Such data provide clear
evidence that the core of FP was successfully metalated with
various ions.
We carried out break-junction measurements of low-bias

conductance for four different porphyrin-based molecules. The
conductance measurements were done using the scanning
tunneling microscope break junction (STM-BJ) technique
under ambient conditions.10 Molecular solutions prepared with
1,2,4-trichlorobenzene were deposited onto gold-on-mica
substrate. Thousands of molecular junctions were obtained by
repeatedly pulling the gold tip out of the substrate, and their
conductance was measured at a 400 mV bias voltage. The
conductance traces were compiled into logarithmically binned
one-dimensional histograms, which yielded the most probable
conductance peak value for each molecule (Figure 2a).

Additionally, two-dimensional histograms were obtained in
order to confirm the formation of stable single-molecule
junctions (Figure 2b shows the result for CuP). These show a
displacement step length around 9 Å that is proportional to the
length of the molecule across the conductance path. All four
molecules form junctions whose conductance values differ by
about a factor of 2.
To understand the measured conductance and trends, we

turn to ab initio DFT-based transport calculations. For our
calculations, we constructed model junction geometries using

the fact that locked alkyl sulfide linkers binds selectively to
undercoordinated Au atoms via the lone pair of the S atoms27

and a donor−acceptor mechanism, similar to the case for the
amines.58 We thus used an adatom binding motif (see Figure 3)
in modeling the junction geometry, analogous to those
successfully used in past studies on amine−Au junctions.42

We replaced the long alkyl group (−C10H21) with a methyl
group (−CH3). This simplifies our calculation, allowing the
molecule to fit into a junction with 64 (8 × 8) gold atoms per
atomic layer, while having negligible impact on electronic and
transport properties. By direct calculation using the same
functional, we find that removing the alkyl group leads to nearly
the same gas-phase ionization potential (IP).
Our junction geometries were relaxed using spin-unrestricted

DFT with the Perdew−Burke−Ernzerhof (PBE)39 functional as
implemented in SIESTA.59 Pseudopotentials and basis sets for
gold and other atoms were adapted from previous work.42,46,47

We used four atomic layers of gold on each side in the
relaxation of the junction, with the outer two layers on each
side held fixed in the bulk geometry, while their coordinates
along the transport axis were allowed to relax (see the
Supporting Information). Periodic boundary conditions with
Gamma k-point sampling were used in all relaxations. Atomic
positions were optimized until forces were smaller than 0.04
eV/Å. Figure 3 shows the geometry of the system in our
transmission calculations, which includes a molecule with seven
gold atomic layers on each side. The optimized Au−S bond
length was about 2.7 Å, and the calculated angle between the
Au−S bonds and the neighboring aromatic rings was about
140°.60 We found that, in the gas phase, the ground states of
both NiP and FP are closed shell and those of CuP and CoP
are low-spin open shell, consistent with experiment.28 With
geometries optimized as above, we carried out transport
calculations using TranSIESTA61 with the same functional,
pseudopotentials, and basis set. Seven layers of gold were
required on each side of the junction to converge our
calculations of the transmission, with the last three layers on
each side as the left/right electrode. A 3 × 3 k∥-mesh (4 × 4 for
NiP and CuP) was used. To converge the steady-state charge
density, 36 energy grids were used in the energy contour
integration.61 The transmission was computed in the direction
perpendicular to the gold atomic layers, and periodic boundary
conditions were used in the other two transverse directions.
Using the method described above, we could compute

transmission functions T(E) for all four molecules using PBE.
However, we will show below that this leads to qualitatively
incorrect results for transition-metal porphyrins, and hybrid

Figure 2. (a) Logarithmically binned one-dimensional conductance
histogram of the porphyrin systems studied in this work. (b)
Logarithmically binned two-dimensional conductance histogram of
CuP.

Figure 3. CuP molecular junction geometry used in this work. Periodic boundary conditions are used perpendicular to the current flow (left to right
in this figure). In our calculations, seven layers of gold are required on each side to converge the results, with the last three layers on each side (fixed
at their bulk geometry) as the left/right electrodes. For other systems studied in this work, Cu is replaced by Ni (NiP), Co (CoP), or two hydrogens
(FP).
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functionals, which mix in a fraction of exact exchange, are
necessary. The DFT-PBE transmission function, T(E), for the
NiP junction is shown in Figure 4. The computed value of

T(EF) and therefore the conductance is overestimated (as
expected43): we computed 2.9 × 10−4 G0, where G0 = 2e2/h.
For comparison, the average experimental low-bias conduc-
tance is 1.9 × 10−5 G0 for NiP. The overestimated PBE
conductance is a consequence of the frontier orbital resonance
energy being underestimated.40 In addition to the conductance,
the inset of Figure 4 shows that the dominant conducting
orbital for the junction is the molecular HOMO-3, as
determined from an eigenchannel analysis using the Inelastica
package.62 However, given that this assignment is based on
PBE, there are reasons to question its validity. PBE (and all
local and semilocal functionals) inadequately treats localized d
states due to self-interaction errors.50 This has been
demonstrated specifically for metal−porphyrin molecules,
where hybrid functionals are shown to lead to qualitatively
different orbital ordering.53,54

To explore the consequences of a hybrid functional on
metal−porphyrin electronic structure, we calculated gas-phase
orbitals using both PBE and OT-RSH functionals.55 We used
the optimized PBE geometry using the 6-311G(d,p) basis set

implemented in QChem.63 Spin-unrestricted calculations were
performed, and for all systems considered here, the predicted
ground state of the molecules was a low-spin configuration,
consistent with experiment.28 The OT-RSH functional55 has
two parameters α and γ, which were tuned to satisfy the exact
conditions of DFT. We fixed α, which determines the fraction
of short-range exact exchange, to 0.2, which is a reasonable
choice on the basis of previous work56,57 and yields excellent
results. We optimized γ, the range separation parameter,
following the strategy in ref 56 for the isolated molecules. We
found that α = 0.2 and γ = 0.1 perform well for all systems
considered in this work. Details of our calculations using the
OT-RSH functional can be found in the Supporting
Information. We then computed the projection ⟨ψ(PBE)|ψ-
(OT-RSH)⟩ to determine any differences in the relative orbital
orderings from the two functionals. We see that the orbital
ordering does indeed differ significantly: the PBE HOMO-3
corresponds to the OT-RSH HOMO (their inner product is
almost unity). In other words, if we were to calculate T(E)
directly using OT-RSH, presently challenging due to the high
computational cost of using a hybrid functional for extended
systems, the dominating conducting orbital would be identified
as the HOMO, rather than the HOMO-3.
The above NiP junction example demonstrates the necessity

of using a hybrid, such as the OT-RSH functional, to correct
PBE orbital ordering in metal−porphyrin systems. This issue is
absent in the FP, as there are no localized d states. Indeed, for
FP, we see the dominating conducting orbital from both the
PBE and the OT-RSH calculations is the HOMO.
Applying the above procedure for all four systems, we report

DFT+Σ and PBE results for computed conductance values for
all junctions in Table 1 and in Figure 5, comparing to
experiment. DFT+Σ results improve significantly over those of
PBE and agree quantitatively and trendwise with experiment. In
general, DFT+Σ leads to a slightly lower low-bias conductance
than experiment, and there are several possible explanations for
this deviation. First, all experiments were done in solution, and
our calculations neglected solvent effects. Second, there is
uncertainty in the junction geometry: we are comparing a single
geometry with an adatom binding motif with the peak
conductance value of a histogram; changes in binding geometry
can alter conductances, as is event from the width of these
distributions. Moreover, to reduce computational cost, we
eliminated the long alkyl group (−C10H21) and replaced it with
a methyl group (−CH3). Although this has minimal effect on
the molecular IP, it may affect the geometry and coverage of the
molecule in the junction, which can also affect conductance.64

Figure 4. DFT-PBE transmission function, T(E), for the NiP−Au
junction. Inset: eigenchannel at E = EF − 0.51 eV (the resonance
energy). This eigenchannel dominates conductance at EF. On the
right-hand side are shown NiP gas-phase Kohn−Sham orbitals from
PBE. From top to bottom are the HOMO, HOMO-1, HOMO-2, and
HOMO-3.

Table 1. Comparison of Conductances from Break-Junction Experiments, DFT-PBE Calculations, and DFT+Σ Calculations
using OT-RSH Functionala

FP CuP CoP NiP

exptl conductance (×10−5G0) 4.6 3.6 2.5 1.9
DFT-PBE conductance ( × 10−5G0) 127 72 (44 + 28) 38 (19 + 19) 29
DFT+Σ conductance (×10−5G0) 1.3 0.98 (0.54 + 0.44) 0.51 (0.25 + 0.26) 0.49
DFT+Σ EF − εHOMO (eV) 1.51 1.50/1.63 1.68/1.67 1.77
OT-RSH gas phase IP (eV) 5.77 5.85 5.89 5.88
level broadening (eV) 0.009 0.008/0.008 0.008/0.008 0.008

aWe compare trends in conductance to trends in gas-phase IP, self-energy corrected level alignment (EF − εHOMO using DFT+Σ), and level
broadening (fitted from a simple Lorentzian form). For spin-polarized cases such as CuP and CoP, contributions to the conductance from two spin
components are given in parentheses with the format (majority spin + minority spin), and for other quantities, two spin components are given in
parentheses as majority spin/minority spin.
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Third, our IP, which features prominently in our self-energy
calculations, may suffer from slight inaccuracies. There are, as
yet, no experimental IP values available for comparison.
We also mention a few additional sources of error. First,

using OT-RSH to correct the PBE level ordering, we assume
the difference between the OT-RSH HOMO energy and PBE
conducting orbital energy in the gas phase is same as the
difference in the junction. This approximation can suffer from
errors in PBE junction level alignment and interface dipoles.65

Finally, we mention possible errors in estimating contributions
to the junction self-energy as a static image charge interaction.
This has been extensively discussed in ref 40, and we refer the
readers to that work.
From Figure 5 and Table 1, we see that the conductance

trend follows that of the self-energy corrected level alignment
(distance between the main peaks in T(E) and Fermi level; also
see the EF − εHOMO line in Table 1). The only exception is
CuP, whose majority spin HOMO is slightly higher than the FP
HOMO (although the CuP conductance is smaller than that of
FP). This is because CuP has non-negligible spin splitting at the
HOMO level and each spin component couples to the lead
individually, making the effective coupling smaller than that for
the FP HOMO. The junction level alignment consists of three
contributions, one from the gas-phase IP, one from the
interface dipole induced upon binding, and one from surface
polarization. The gas-phase IP is also given in Table 1, and we
see that it differs among the four molecules by only about 0.1
eV, while the level alignment difference is about 0.26 eV. In
particular, FP has the lowest gas-phase IP and therefore has the
deepest HOMO resonance energy. For the other three
molecules, the IPs are similar, and the difference in level
alignment is due to differences in interface dipole. We also note
in passing that, from Table S1 in the Supporting Information,
the self-energy corrections for all systems are very similar, and
thus at the PBE level, the trend in conductance for this series of
molecules is captured, although the actual values are
significantly largerby 2 orders of magnitude in some
casesthan experiment. This can be attributed in part to the
good accuracy of the PBE interface dipole.65 The differences in
conductance among systems can thus be understood as related
to subtle differences in electronegativity of different metals in
the center.
For the two open-shell systems (CuP and CoP),

conductances for both spin components are similar, as the

HOMO resonance of both spin components are far away from
EF and spin splitting is small. In the Supporting Information, we
show the spin-dependent T(E) for the two open-shell systems,
CuP and CoP, respectively, calculated both from PBE and DFT
+Σ. For molecular junctions to exhibit significant magneto-
resistance with nonmagnetic leads, one needs an open-shell
molecule and either large spin splitting between the two spin
channels and/or HOMO (or LUMO) resonances of both spin
components near the junction Fermi level. This is an
interesting area of future study.
In this work, our calculations yielded quantitative agreement

with experiments, and we found that by changing the central
metal atom, the conductance could be altered by up to a factor
of 2. We emphasize that, for such complex systems involving
transition-metal atoms, transmission calculations using local or
semilocal functionals could be qualitatively incorrect, and
hybrid functionals such as OT-RSH containing a fraction of
exact exchange are necessary to preserve orbital ordering and
accurate self-energy corrections.
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