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Direct measurement of single-molecule electrical transparency by break junction experiments has
become a major field of research over the two last decades. This review specifically and comprehensively
highlights the use of porphyrins as molecular components and discusses their potential use for the con-
struction of future devices. Throughout the review, the features provided by porphyrins, such as low level
misalignments and very low attenuation factors, are shown with numerous examples, illustrating the
potential and limitations of these molecular junctions, as well as differences emerging from applied inte-
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1. Introduction and scope

The miniaturization of electronic components by top-down
approaches proceeded so steadily that the development was
described by Gordon Moore as a “law”.! The ongoing size
reduction will however hit physical, and probably sooner, econ-
omic limitations. Propelled by the quest for even smaller func-
tional units, the visionary concept to integrate single mole-
cules into electronic circuits was first proposed by Aviram and
Ratner.” While the merger between molecular structures and
CMOS technology remains challenging, scientifically the inves-
tigation of the potential and limitations of single molecules in
electronic circuits is intriguing. Molecules are not only the

Diana Duli¢ received her PhD in
2001 from the University of
Groningen (Netherlands). Since
2012, she has been a leader of
the Molecular Nanoelectronics
Group at the Department of
Physics (FCFM) at the University
of Chile (Chile). The main scope
of her research has been studying
electronic transport in molecular
wires and bio-inspired mole-
cules. She joined the field of the
single molecule electronics at its
very beginning and was one of
the first to use the mechanically controllable break junction tech-
nique to study charge transport in conjugated functional mole-
cular wires.

A

Diana Duli¢

This journal is © The Royal Society of Chemistry 2021


www.rsc.li/nanoscale
http://orcid.org/0000-0003-2053-1768
http://orcid.org/0000-0002-8302-5507
http://orcid.org/0000-0002-5385-0282
http://orcid.org/0000-0002-8094-7813
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nr04523g&domain=pdf&date_stamp=2021-09-28
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nr04523g
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR013037

Open Access Article. Published on 19 August 2021. Downloaded on 1/13/2026 8:00:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

smallest building blocks that still provide the structural diver-
sity required to implement particular electronic features and/
or functions, they can also be designed and tailor-made for
particular purposes by synthetic chemists. Since the hypotheti-
cal concept of molecular electronics®> was introduced until
today, many efforts towards the realization of functional
devices have been made and the blossoming of interdisciplin-
ary research, covering chemistry, physics, and theory, allowed
for investigations into molecular structures integrated in elec-
tric circuits: single-molecule junctions. Understanding the
principles that determine electric transparency through single
molecules is not only a priori interesting from a fundamental
viewpoint, it impacts on the comprehension and development
of entire research domains, ranging from molecular devices,
over energy cascades in biological systems, to even bulk
materials. The study of single-molecule junctions is at the
heart of molecular electronics and has been extensively
reviewed already, for example in ref. 3-6 and references
therein. In most cases fundamental structure—property
relationships are reported; these are extracted from a small set
of synthesized molecules analyzed as single-molecule junc-
tions in a particular experimental set-up.

Here, we will review single-molecule junctions formed by
derivatives of a particularly interesting class of aromatic
organic compounds: porphyrins, which are key components in
nature’s machinery to store sunlight as chemical energy.
Synthesis procedures for cyclic porphyrin arrays (mimicking
natural light-harvesting antenna complexes),” conjugated
linear two- (2D) and three (3D) dimensional arrays,®° and
asymmetric monomers by multi-component condensation'®**
or post-functionalization,'” or the strategic assembly of por-
phyrin architectures by transition-metal mediated cross-coup-
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ling"® have been the subject of many reviews already. The
scope of this paper is charge transport studies of porphyrin
based single-molecule junctions'! probed by direct electrical
measurements with the structures being wired to two term-
inals. With a critical view to the differences in applied tech-
niques and the molecular design of the investigated structures,
this review is meant to serve as another puzzle-piece in the
continuous quest to reveal the bigger picture of molecular elec-
tronics. Before we turn to the conductance experiments, we
will have a brief look at the different measurement platforms,
techniques, and conductance mechanisms.

Measurement platforms and techniques

In the past 20 years, a variety of techniques for measuring
single-molecule electrical properties have been established.
Break-junction techniques'>'® form the main direction and
they are based either on mechanical control over the electrodes
or are made by sending a large current through a narrow con-
striction (electromigrated junctions). Concerning mechanical
break junctions, there are two types: mechanically controllable
(MCBJ) and scanning tunneling microscopy (STM-B]) break
junctions, see panel (a) of Fig. 1 for an illustration of the three
different set-ups. Both techniques (MCBJ and STM-B]) can
generate large data sets, and therefore statistical analysis
enables the identification of transport properties at the single-
molecule level. The main difference between the two tech-
niques is the geometry: STM-BJs are formed by making and
breaking a substrate-tip contact, whereas MCB]Js are made by
stretching a thin suspended metallic wire. Gold is in both
cases the most commonly used metal. In both, the conduc-
tance (G) is recorded during breaking and making cycles of a
contact at a fixed bias voltage. The breaking traces, during

[ Marcel Mayor received his PhD
in 1995 from the University of
Bern (Switzerland) under the
supervision of Rolf Scheffold and
Lorenz Walder. After working
with Jean-Marie Lehn at the
University Louis Pasteur in
Strasbourg and at the Colléege de
France in Paris (France), he
founded his own research group
in the Institute of
Nanotechnology (INT) at
Karlsruhe Institute of Technology
(KIT, Germany) in 1998. In
2004 he became Professor of Chemistry in the Department of
Chemistry at the University of Basel (Switzerland), and in 2011 he
became adjunct Professor of Chemistry at the School of Chemistry
of Sun Yat-Sen University in Guangzhou (China). His research foci
are beyond molecular electronics, molecular devices and
machines, tailor-made model compounds for physical experi-
ments, and molecular nano-architectures.

Marcel Mayor

Nanoscale, 2021, 13,15500-15525 | 15501


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nr04523g

Open Access Article. Published on 19 August 2021. Downloaded on 1/13/2026 8:00:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

Nanoscale

—

t‘ / Piezo operated tip

/ Gold @
[ Polyimk«wmm
[

] ——— Substrate

X Phosphorous bronze

Piezo operated
pushing rod

b)

c)

STM-BJ
G(s) I(s)
It)

0.015 -

0.01

Counts / trace

0.005 3

o
-~

e)

Electrode separation

MCBJ

be bd b @

Conductance [G,]
Current [pA]

I10 pA |
L 1 L1 I - 1
4 -02 0 02 04
Voltage [V]

Electrode displacement [nm]

Fig. 1

(@) Schematic representation of the set-ups of an MCBJ, an STM-BJ, and a junction formed by electromigration (from left to right).

Mechanical control is depicted by red and blue arrows. (b) Illustration of the operating modus of the G(s), /(s) and I(t) method of an STM-BJ (upper)
and an MCBJ (lower) set-up as a function of electrode spacing. (c) 1D-histogram and (d) 2D-histogram of the same data for molecular junctions
formed by the MCBJ technique, adapted from ref. 17 published by The Royal Society of Chemistry. (e) /(V) characteristics of a porphyrin decorated
electromigrated junction recorded at 5 K. From top to bottom, the applied gate biasing voltage V, is 0.1, —0.08, —0.06, —0.04, —0.02 and 0.0 V,

adapted from ref. 23 with permission from Elsevier.

which G(s) is recorded, are plotted as one dimensional (1D) or
two dimensional (2D) conduction histograms, where s is the
distance between electrodes. Since 1D-histograms do not
permit distance-dependent analysis, often, a more appropriate
way to analyze data is the use of 2D-histograms, which show
the evolution of conductance while moving the two electrodes
further apart (see Fig. 1, panel (c) for an example of a 1D-histo-
gram and (d) for a 2D-histogram).

Related to this G(s) method of measuring is the I(s) tech-
nique'® (I is the current through the junction). This technique
differs from the G(s) measurements in that the STM tip
approaches the sample surface very closely, resulting in the
stochastic formation of molecular bridges between the STM
and surface. Since no metallic break junction is formed (in
contrast to G(s) and MCB]J), the I(s) can be considered a non-
contact mode of forming single-molecule junctions. Similar to
the G(s) mode, the electrical properties of these junctions are
statistically analyzed by repeated stretching, breaking and
going back to the initial distance again. Another STM-based
method for single-molecule conductance measurements is the

15502 | Nanoscale, 2021, 13, 15500-15525

so-called I(¢) method: by placing the STM tip sufficiently close
to the surface, current jumps, or “blinks”, may be observed in
the current-versus-time profiles as molecules stochastically
bridge between the tip and surface, forming junctions.'® The
outlined methods of the junctions formed by mechanical
control (STM-B] and MCB]J) are shown in panel (b) of Fig. 1.
Another way to analyze molecular transparency is to
measure the current-voltage (I(V)) characteristics at fixed elec-
trode separation. Whereas low-bias conductance measure-
ments can provide the conductance value of the metal-mole-
cule-metal junction, I(V) characteristics contain richer infor-
mation about the transport mechanism in the molecule, its
density of states, and vibrational modes.>® However, molecular
junctions stable enough to screen the voltage range of interest
are required to record current-voltage (I(V)) characteristics. As
stated above, single-molecule break junctions can also be
made by an electromigration process; the main advantage of
this technique is that a gate electrode can easily be
implemented, giving control over the chemical potential of the
molecule independent of that of the electrodes.?’ By measur-

This journal is © The Royal Society of Chemistry 2021
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ing I(V)s as a function of gate voltage, detailed spectroscopic
information on the molecule can be obtained, especially at
cryogenic temperatures. For example, reversible charging pro-
cesses can be observed in such experiments. A disadvantage is
the low molecular junction formation yield, which not only
impedes the use of statistical analyses but also requires the
selection of the junction of interest by the operator. An exemp-
lary I(V) histogram is provided in panel (e) of Fig. 1. The elec-
tromigration method is not restricted to gold electrodes (or
metal-based materials in general); graphene and carbon nano-
tubes have also been exploited to create atomically thin electro-
des.?” As Joule heating plays a major role, the process is often
called electroburning of carbon.

Transport mechanisms

It is well established that in two-terminal molecular junc-
tions charge transport is influenced by intrinsic - often inter-
dependent - properties of the embedded molecule,*** such
as the positions of frontier orbitals, i.e., the highest occupied
molecular orbital (HOMO) and the lowest unoccupied mole-
cular orbital (LUMO), the molecular conformation, and the
molecular backbone composition (e.g., saturated versus unsa-
turated). In addition, the anchoring groups that connect a
molecule to the metallic electrodes,®® the work function of
the electrodes,®** and the contact geometry of the mole-
cule-electrode interface® also influence the charge transport
properties of molecular junctions. Typically, charge transport
can be described via a non-resonant tunneling process. The
coherent transport of the charge-carrier (the LUMO for elec-
trons, the HOMO for holes) can then be described as a func-
tion of level misalignment (i.e., the energetic distance of the
transport involved orbital to the Fermi energy (Er) of metal
based electrodes) and the contact resistance of the molecule-
electrode interface (I, see Fig. 2). In the non-resonant tunnel-
ing regime, the conductance of molecular wires decays expo-
nentially with increasing length and is expected to be basi-
cally temperature independent.*®?” However, recent experi-
ments also suggest, for tunneling mechanisms, temperature-
dependent transport regimes®® eg due to improved
n-coupling in the molecular backbone resulting from thermal
excitation of interconnecting bonds and the concomitant
variations in dihedral angles®>"® or thermal broadening of

Molecular Backbone

-

HOMO

Fig. 2 Illustration of a molecule embedded in metal electrodes; Ef, I,
the HOMO and the LUMO are also depicted.
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the Fermi energy of the contacts.”’** In contrast, incoherent
off-resonant transport, often described as “hopping”, typically
exhibits a 1/d distance dependence and increases with
increasing temperature, which can be depicted as a series of
transitions between neighbouring sites consisting of localized
states.**

2. Single-molecule porphyrin
junctions

Over the past decade, there have been numerous charge-
transport studies on single- or oligo-porphyrin based mole-
cular junctions, using the measuring platforms described in
the previous section. Only a few experiments were performed
with carbon based electrodes,**” and thus, we will focus
here on junctions made with metal electrodes, more specifi-
cally gold electrodes, unless noted otherwise. The experi-
ments discussed in this review are organized by the nature of
the molecular junction and the kind of measured data. The
chronological order of experiments performed between 2003
and 2020 can be extracted from Table 1, which is comple-
mented by the publication date of the experiment. Transport
through the investigated molecules is usually envisioned in a
“current-in-plane” (CIP) fashion, profiting from electrode-
anchoring groups mounted at the periphery of the porphyrin
scaffold. These exposed groups mechanically fix the molecule
to the electrodes and ideally permit low-resistance charge
carrier injection into the system (electrons or holes, for the
LUMO or HOMO based transport, respectively). In three
known studies published in the literature, electrode-coating
with thiol functionalized pyridines allowed direct coordi-
nation to porphyrin-embedded metal ions, namely, Ni, Co, or
Zn. With this approach, charge carriers are transmitted
through the perpendicularly aligned porphyrin plane (with
respect to the electrode’s surface), the so-called “current-per-
pendicular-to-the-plane” (CPP) pathway. While this set-up of
molecular junction seems rather unusual at first glance, it
might even be instrumental for the comprehension of some
CIP experiments. In many of the CIP junctions reported, a
continuous evolution of different configurations is observed.
It thus might be that in certain cases, the transition from a
CPP junction at very small electrode spacing to the desired
CIP configuration at larger electrode separation can be
observed. Thus these CPP experiments complement this
chapter.

In this section, we will review the results obtained by break-
junction techniques (STM- and MCBJ). We will start with
single porphyrin junctions, envisioning CIP transport, fol-
lowed by three CPP studies. In subsequent sections, we
discuss the current-voltage (I-V) characteristics and thereafter
p-values gathered from transport studies on single-to-oligo-por-
phyrin wires, all in a CIP transport configuration. The conduc-
tance values obtained for different compounds by the individ-
ual techniques are summarized in Table 1, which also provides
the publication year of the study.

Nanoscale, 2021, 13,15500-15525 | 15503
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Table 1 Experimental conductance values for measurements of various compounds with different anchoring groups and measurement platforms

reported in the literature

Compound Anchoring group Platform Conductance [Gy) Bias [mV] Ref. Year
1 Pyridine STM-BJ/I(s) 2.6 x107" 100 48 2012
2 Pyridine STM-BJ/I(s) 2.5x107* 100 48 2012
3 Pyridine STM-BJ/I(s) 3.6x107" 100 48 2012
4 Sulfonate STM-B]J 6.7 x107° 100 49 2013
5 Phenol STM-B] — 100 49 2013
6 Nitrile STM-B]J 5.3x107° 100 49 2013
7 Amine STM-B]J 7.7%x107° 100 49 2013
8 Benzoic acid STM-B]J 3.5x107° 100 49 2013
9 Benzene STM-B] — 100 49 2013
10 Thiol STM-BJ 1.7 x107° 100 50 2017
11 Thiol STM-B]J 4.2x107* 100 50 2017
12 Thiol STM-BJ/I(s) 1.8x107° 500 53 2010
13 Thiol STM-BJ/I(s) 2.7x107° 500 53 2010
2.0x107°
14 Thioether STM-B]J 4.6 x107° 400 54 2014
15 Thioether STM-B]J 1.9%x107° 400 54 2014
16 Thioether STM-B] 2.5%x107° 400 54 2014
17 Thioether STM-B]J 3.6x107° 400 54 2014
18 Benzene MCB]J/fast-breaking HCR at ~107" 150 55 2011
LCR at 10°-107°
19 Thiol MCB]J/fast-breaking HCR at ~107" 150 55 2011
LCR at 107°-107°
20 Thiol MCB]J/fast-breaking 107" to 107° 150 55 2011
21 Thioacetate MCB]J/fast-breaking HC:2.8x107* 100 17 2019
MC: 1.1 x 107°
LC:1.0x107°
22 Thioacetate MCB]J/fast-breaking HC:2.4x107* 100-300 17 2019
MC: 2.1x107°
LC:4.1x107°
23 Thioacetate MCB]J/fast-breaking HC:1.9x107* 100 17 2019
MC: 4.0 x 107°
LC: 1.7 x107°
24 Thioacetate MCB]J/fast-breaking HC:2.3x107* 100-200 17 2019
MC: 8.3x10°°
LC: 1.0 X 107°
25 Thioacetate MCB]J/fast-breaking HC: — 100-300 17 2019
MC: —
LC: 1.22x10°°
26 Phenyl MCB]J/fast-breaking HC: — 100 17 2019
MC: 5.1 x107°
LC: 2.8 x107°
27 Phenyl MCB]J/fast-breaking H: — 100-200 17 2019
MC: —
LC: —
28 Thioacetate STM-B] HC:3.2x107° 230 56 2018
LC:7.9%x107°
29 Thioether STM-B]J HC: 1.0 x 107° 230 56 2018
LC: 2.5%x107°
30 Thioacetate STM-B] HC: 2.5 x107° 230 56 2018
LC:7.9%x107°
31 Thioether STM-B]J HC: 6.3 x107° 230 56 2018
LC: 2.5%x107°
32 Thioacetate STM-B] HC: 3.2x107° 230 56 2018
LC: —
33 Thioacetate MCB]J/self-breaking 107°-107° 100 59 2020
34 Thioacetate MCBJ/fast-breaking 4.1x107° 100 60 2020
34 Thioacetate MCB]J/self-breaking 4.1x107° 100 60 2020
35 PyrMT coated electrode STM-BJ/(s) HC: — 25 61 2014
MC: 9.9 x 10
LC:2.7%x107°
36 PyrMT coated electrode STM-BJ/I(s) HC:2.9x107> 25 61 2014
37 PyrMT coated electrode STM-BJ/I(s) HC:1.1x107> 25 62 2016
38 PyrMT coated electrode STM-BJ/I(s) HC: 4.6 x 107> 25 62 2016
39 PyrMT coated electrode STM-BJ/I(s) HC: 8.1 x 107> 25 62 2016
40 PyrMT coated electrode STM-BJ/I(s) HC: — 7.5 63 2020

15504 | Nanoscale, 2021, 13, 15500-15525

MC: 2.24 x 10™*
LC: —

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nr04523g

Open Access Article. Published on 19 August 2021. Downloaded on 1/13/2026 8:00:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Review
Table 1 (Contd.)
Compound Anchoring group Platform Conductance [Gy) Bias [mV] Ref. Year
40 PyrT coated electrode STM-BJ/I(s) HC: — 7.5 63 2020
MC: —
LC: —
1 PyrMT coated electrode STM-BJ/I(s) HC: — 7.5 63 2020
MC: 8.08 x 107>
LC: 2.31 x107°
11 PyrT coated electrode STM-BJ/(s) HC: — 7.5 63 2020
MC: —
LC: 1.60 x 107°
42 PyrMT coated electrode STM-BJ/I(s) HC: 9.31x 107 15 63 2020
MC: 3.01 x 10~*
LC: —
42 PyrT coated electrode STM-BJ/I(s) HC:1.51x107* 7.5 63 2020
MC: —
LC: —
43 PyrMT coated electrode STM-BJ/I(s) HC: 2.82 x 107> 7.5 63 2020
MC: 9.75 x 107>
LC: 3.02 X 107°
43 PyrT coated electrode STM-BJ/(s) HC:3.50 x 107" 7.5 63 2020
MC: —
LC: 1.70 x 107°
44 Phenyl STM-spectroscopy 6.0 x 107> v 64 2003
45 Phenyl STM-spectroscopy 2.6x107* v 64 2003
46 Thiol STM-spectroscopy 3.8x107° v 67 2005
47 Thiol STM-spectroscopy 1.3x107° v 67 2005
48 Thiol STM-spectroscopy 1.2x107° v 67 2005
53 Thiol MCBJ 107°-107° 100 71 2011
54 Thioacetate STM-BJ/I(s) 1.5x107° 600 83 2008
55 Disulfide conductive AFM/STM spectroscopy 1.8 x107° v 75 2008
59 Thioacetate STM-BJ/I(s) 2.7x107° 600 83 2008
60 Thioacetate STM-BJ/I(s) 7.7x107° 600 83 2008
61 Thiol STM-B] HC: 1.3 x107* 100 84 2012
LC:2.9%107°
62 Thiol STM-B]J HC: 9.0 x 107 100 84 2012
LC: 2.0 x 107°
63 Thiol STM-B] HC: 6.0 x 10~° 100 84 2012
LC:1.4x107°
64 Pyridine STM-BJ 2.7 x107° (25 °C) 600 42 2011
5.2 X 107" (100 °C)
64 Pyridine STM-BJ/I(s) 2.2x107° 600 85 2012
65 Pyridine STM-B]J 1.6 x107° (25 OC) 600 42 2011
4.5x107° (100 °C)
65 Pyridine STM-BJ/I(s) 1.1x107° 600 85 2012
66 Pyridine STM-BJ 9.0 x 107° (25 °C) 600 42 2011
3.9 x107° (80 °C)
— (100 °C)
66 Pyridine STM-BJ/I(s) 0.7x107° 600 85 2012
67 Pyridine STM-BJ/I(s) 1.0 x107° 600 85 2012
68 Pyridine STM-BJ/I(s) 3.5x107° 600 85 2012
69 Pyridine STM-BJ/I(s) 1.9x107° 600 85 2012
70 Pyridine STM-BJ/I(s) 1.6 x107° 600 85 2012

Borguet’s group investigated conductance through highly
symmetric tetra substituted porphyrin 1.** This compound,
bearing four 4-pyridyl substituents in the meso-positions for
electrode contact, opens two possible junction configurations:
the shorter, 90° angled “ortho-pathway” (where the electrodes
are in contact with the pyridyl nitrogens of two neighbouring
meso-positions); and the longer, linear “para-pathway” (where
the electrodes are in contact with the pyridyl nitrogens of two
opposite meso-positions). Interestingly, only one single mole-
cular conductance peak was found for 1 in an STM-BJ experi-
ment, located at 2.6 x 10™* G, at a bias of 100 mV. Here, G, is
the quantum of conductance that is defined as e’/k with e
being the elementary charge and 4 being Planck’s constant. To

This journal is © The Royal Society of Chemistry 2021

identify the prominent pathway of conductance, two analogue
structures to 1, where each of two pyridyls are substituted by
benzenes in either a “para” (2) or “ortho” (3) fashion were ana-
lyzed (see Fig. 3). Assuming that contact with the electrodes is
dominated by the interaction between pyridyl-nitrogens and
the gold electrodes, electronic transmission preferably occurs
through the “para-pathway” for 2, while 3 is designed to prefer-
ably form the junction configuration leading to the “ortho-
pathway”. The measured conductance of 3.6 x 10™* G, for 3
and 2.5 x 10~ G, for 2 led to the conclusion that in 1 (where
both pathways are possible) the longer and less conductive
“para-pathway” is counterintuitively favored. This observation
was attributed to the greater stability of the “para” connected

Nanoscale, 2021, 13,15500-15525 | 15505
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Fig. 3 Upper: Chemical structures of 1 (a), 2 (b), and 3 (c) depicted in an STM-BJ. Lower: 1D-histograms of molecular junctions formed by 1 (a), 2
(b), and 3 (c), adapted with permission from ref. 48. Copyright 2012 American Chemical Society. The “para-pathway” is highlighted in red and the

“ortho-pathway” in blue.

junction geometry compared to the “ortho” connected
one, when pulling up a molecule from the surface by the
STM-tip during the breaking-process of the molecular junc-
tion. Consequently, in most studies on single-porphyrin BJ
experiments, the compounds of interest are functionalized
with anchoring groups in these opposite “para”
positions.

In a subsequent study, Li et al. investigated the effect of
different anchoring groups on single-porphyrin conductance
in an STM-BJ set-up.”’ Symmetrically tetra substituted por-
phyrins, bearing pyridyl (-CsH,N, 1), benzylsulfonate
(-Ce¢H4SO37, 4), phenol (-C¢H,OH, 5), benzonitrile (-C¢H,CN,
6), aniline (-C¢H,NH,, 7), benzoic acid (-C¢H,CO,H, 8), and
unfunctionalized phenyl (-C¢Hs, 9) in their meso-positions
(where the functional groups are positioned para to the por-
phyrin), were analyzed (see Fig. 4). The measurements show

meso-

N 110G,

-i@—NHZ 7
-§©—sog' 4
-§©—0N 6
-;@—cosz -
| 4 -oH s
D 9

Fig. 4 Chemical structures of symmetrically tetra-substituted porphyr-
ins 1 and 4-9 depicted in an STM-BJ. The different anchoring groups
used are listed in decreasing conductance from top to bottom; for 5 and
9 no molecular conductance features were observed.

o
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that the conductance follows the sequence of 1 >7 >4 > 6> 8
with values ranging from 2.6 x 107" to 3.5 x 107> G, (see
Table 1). Interestingly, phenol bearing porphyrin 5 and phenyl
substituted “unfunctionalized” porphyrin 9 showed no
defined peaks in their conductance histograms. Electron-
donating and electron-withdrawing groups can alter the
orbital energies, but for the described series of porphyrins, the
HOMO-LUMO gaps are almost the same. The authors stated
that conductance differences should therefore be attributed to
factors other than changes in the HOMO-LUMO gap, such as
differences in the molecular junction geometries, level align-
ment, or overall molecular length. For example, the highest
observed conductance of pyridyl-terminated porphyrin 1 can
then be rationalized by the fact that the nitrogen atoms, being
themselves part of the aromatic system, result in the most
efficient coupling to the molecular structure combined with
the shortest metal-molecule-metal distance.

Fujii et al. compared the electrical properties of 4-thioben-
zene functionalized Ni(u) porphyrin 10, bearing 3,5-dimethoxy
benzene moieties in the lateral meso-positions, to norcorrole
analogue 11 (see Fig. 5(a) and (b), respectively).’® The anti-aro-
maticity of the macrocyclic n-system of 11, comprising 16
n-electrons, leads to destabilization and thus, lowers the
HOMO-LUMO gap compared to the aromatic 18 =m-electron
system of 10. Consequently, the frontier-orbital (the LUMO in
this case) is pushed closer to the Fermi level, and an almost
25-fold increase in conductance is observed from 1.7 x 107> G,
in 10 to 4.2 x 10™* G, in the case of 11, as analyzed by the
STM-BJ technique with an applied bias voltage of 100 mV (see
Fig. 5(c)).

The thiol group is a promising gold anchoring group for
single-porphyrin junctions, and molecular junctions in
general. The formed covalent Au-S bond upon deposition of a

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Chemical structures of porphyrin 10 (a) and norcorrole 11 (b) depicted in an STM-BJ. The 18 n-electron aromatic macrocycle in 10 is high-
lighted in blue and the 16 rn-electron antiaromatic macrocycle in 11 is highlighted in red. (c) 1D-histogram of molecular junctions of 10 and 11,

adapted form ref. 50 with permission from Springer Nature.

thiol- (often acetate-masked thiol-groups are deposited and the
thiol is liberated in situ) functionalized molecule onto a gold
surface is stronger than the coordinative Au-pyridine bond,
providing molecular junctions of considerable mechanical
stability. Interestingly, the kinetics of in situ acetyl de-
protection and Au-S bond formation was studied in a STM
based break junction experiment with doubly acetyl masked
porphyrin 12.>' The authors attribute a low conductance value
of about 4-5 x 10~ G, to junctions formed of porphyrins still
bearing an acetyl protection group on one side. The drawbacks
of thiol-anchored molecular junctions are the variety of poss-
ible binding configurations,” the increased length of the brid-
ging molecule and the less efficient integration of the anchor-
ing group into the molecule’s electronic system.
Acetate-masked arylthiol terminated porphyrin 12, bearing
phenyls at the lateral meso-positions, and its Zn(n) metal

complex 13 were analyzed by the STM-BJ technique at bias vol-
tages of 500 and 1400 mV.** While free-base porphyrin 12
showed only one clear conductance peak located at 1.78 x 10~°
Go, two overlapping conductance peaks were observed for
metal complex 13, located at 2.03 x 10~> and 2.70 x 10> G,
(see Fig. 6). The authors’ hypothesis to rationalize the two con-
ductance states of 13 is based on variations of the coordinated
Zn(u) ion: the expected conformation with Zn(u) in the por-
phyrin plane and a surprising one with Zn(u) pulled out of the
porphyrin plane, forming a tetrahedral-like geometry, which
seems rather unlikely, at least from the viewpoint of a coordi-
nation and/or porphyrin chemist.

The influence of ligated metal ions on the conductance of
single-porphyrin junctions was further studied by Liu et al.>* A
dimethyl-thiochroman based anchoring group, installed the
opposite meso-positions of the porphyrin (14), was used to
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Fig. 6 Left: Chemical structures of 13 (a) and 12 (b) depicted in an STM-BJ. Right: 1D-histograms of bistable 13 at 500 and 1400 mV bias (a) and
1D-histogram of 12 at 1400 mV bias (b), adapted from ref. 53 with permission from the American Institute of Physics.
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form a contact with gold electrodes in a non-covalent fashion
(in contrast to the covalent bond formed in the previously
shown acetate-masked compounds 12 and 13). In the lateral
meso-positions, 3,5-decanoxy substituted benzenes enrich the
solubility and presumably hinder undesired molecular junc-
tion configurations (or through-space charge carrier injection
into the m-electron cloud) as a result of bulkiness and
increased van der Waals surface. Free base porphyrin 14 and
its metalated Ni (15), Co (16), and Cu (17) analogues were ana-
lyzed by the STM-BJ technique at an applied bias voltage of
400 mV (see Fig. 7(a)). One single conductance peak was
observed for free base porphyrin 14, the open-shell metal com-
plexes 16 and 17, and the closed-shell metal complex 15,
differing only by a factor of approximately 2, in the series of 14
(4.6 X 107> Go) > 17 (3.6 X 107° G,) > 16 (2.5 X 107> G,) > 15 (1.9
x 107 G,, see Fig. 7(b)). Small changes in transmission
suggest a transport path being located on the aromatic por-
phyrin backbone, without much influence from the metal
center.

Perrin et al. used a series of porphyrin molecules to investi-
gate the influence of the anchoring groups and molecular
backbone-modification on single-molecule conductance using
the MCBJ-technique.>® To study the former, the electrical pro-
perties of symmetrically tetra substituted phenyl porphyrin 18
(bearing no anchoring groups) and thiol functionalized ana-
logue 19 (bearing two anchoring groups in opposite meso-posi-
tions) were compared (see Fig. 8). As a control experiment for
the latter, octahedral Ru(u) complex 20 bearing two additional
axially attached pyridine ligands was characterized. The inten-
tion was to sterically shield the n-clouds of the porphyrin
plane by the coordinated protruding pyridine ligands.

For all three molecules, flat as well as sloped, not well
defined, yet distinguishable plateaus were found at different
conductance values in the sub-G, regime. The sloped plateaus
were interpreted as sliding of the molecule along the pointy
electrodes, formed in the MCB]J, in combination with through
space injection of charge carriers into the n-cloud of the mole-
cule, while being pulled from the electrode’s surfaces. In the
trace histogram of 18 there are two distinct regions with high

a) b)
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12 = 17zgu;
Dant = 16 (Co,
- §10 = 14 (2H)
Ar e} E 8
c
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o} (] 4
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M = 2H (14), Ni (15)
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Fig. 7 (a) Chemical structures of 14—-17 depicted in an STM-BJ and (b)
the obtained 1D-conductance histogram, adapted with permission from
ref. 54. Copyright 2014 American Chemical Society.
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Fig. 8 Left: Chemical structures of 18 (a), 19 (b), and 20 (c) depicted in
an MCBJ. Right: Corresponding 2D-conductance vs. displacement his-
tograms with off-set exemplary single-traces showing the high-conduc-
tance (HC) medium conductance (MC) and low conductance (LC) mole-
cular features, adapted from ref. 55 with permission from John Wiley
and Sons.

counts: a high-conductance region (HCR) around 10™" G,, and
a sloped low-conductance region (LCR) below 107> G,. For 19
both the HCR and LCR are longer than those for 18. Adding
the thiol end groups upon changing from 18 to 19 not only
increases the plateau length, but also reduces the slope of the
LCR. In ruthenium porphyrin 20 the HCR and LCR can no
longer be distinguished; only one long region sloping from
107" G, to 107° G, is present, which has a shallower slope com-
pared to those of 18 and 19, and an increased length. The
results showed that porphyrins could form, to some extent,
stable bridging molecular junctions in MCBJ experiments.
Even without thiol anchoring groups, molecular features
different from through-space tunneling can be observed in the
conductance versus displacement histograms. Adding thiol
anchoring groups and increasing the bulkiness of the por-
phyrin backbone, respectively, increases the stability of the
junctions and leads to an increased spread in conductance,
indicating the formation of different junction configurations.

In a follow-up study, Abbassi et al. investigated the impact
of the chemical structure of porphyrins on molecular junction
configuration formations.'” A series of seven closely related
porphyrin derivatives with distinct differences in chemical
structure (21-27, see Fig. 9(a)) were analyzed using the same
technique (MCB]J).

The occurrence of certain classes of conductance was ana-
lyzed by an unsupervised clustering algorithm. All four por-
phyrins exposing 4-thioacetatephenylacetylenes (22-24) in
opposite meso-positions showed three different classes of

This journal is © The Royal Society of Chemistry 2021
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(a) Chemical structures of 21-27. (b) Representative depiction of a molecular junction showing class A, B, and C paths. (b, c) Class A, B, and

C conductances for the example of 21 in 2D- (b) and 1D- (c) histograms, adapted from ref. 17 published by The Royal Society of Chemistry.

molecular conductance, referred to as class A, B, and C. The
difference in bulkiness of the lateral meso-positions and the
presence of a central Zn(u) cation did not show much influence
on the conductance and probability of the classes. Typically,
conductance values in the order of 10™* G,, 10~ G,, and 107°
G, were observed for class A, B, and C, respectively (see
Fig. 9(d)). 25 as an analogue of 21, where one of the anchoring
4-thioacetatephenylacetylene moieties is exchanged for 4-tert-
butylphenyl, showed only one class of molecular conductance
at 1.2 x 107° G, and a sloped shape to the previously observed
class C. 26, still exposing an opposite phenylacetylene back-
bone but missing the terminal thioacetates, showed class B
(5.1 x 107> G,) and class C (2.8 x 107° G,). 27, exposing only
bulky 4-tertbutylphenyls in all four meso-positions, yielded no
molecular conductance plateau at all. With this information,
class A with the highest conductance and a flat plateau in the
2D histogram (see Fig. 9(b)) was proposed to originate from
the mechanically most stable sulfur-to-sulfur configuration
with charge carrier injection directly through the anchoring
groups (see Fig. 9(b)). Classes B and C were both proposed to
originate from through-space charge carrier injection into the

This journal is © The Royal Society of Chemistry 2021

n-cloud. Since class B requires both acetylenes to be present
(whereas class C does not), it was concluded that class B origi-
nated from the acetylene-acetylene and class C from the acety-
lene-aryl pathway.

Leary et al. studied two Zn(u) porphyrins having either an
acetate-masked thiol (SAc) or a methyl thioether (SMe) anchor-
ing group in the ortho-position of the benzenes, which are
themselves attached in opposite meso-positions of the por-
phyrin scaffold.’® These structures exist as a pair of atropi-
somers, having the functional group either on the same side
(28 for SAc, 29 for SMe) or on opposite sides (30 for SAc, 31 for
SMe) with respect to the porphyrin plane, which are not inter-
convertible in solution at room temperature (rt, see panel a) of
Fig. 10. Additionally, asymmetric Zn(u) porphyrin 32, where
only one of the phenyls bears a gold-anchoring acetate-masked
thiol group, was measured. This compound, being able to
anchor to only one of the electrodes, served as a reference
compound to identify certain configurations. For all five com-
pounds (28-32) a sloped and short plateau at high conduc-
tance (1.0 to 6.3 x 107> G, with lengths of 0.76 to 1.02 nm, see
Table 1) was observed, which was attributed to a tilted con-

Nanoscale, 2021,13,15500-15525 | 15509
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adapted from ref. 56, https://pubs.acs.org/doi/10.1021/jacs.7b10542. Further queries related to the material excerpted should be directed to the

ACS.

figuration (with respect to the substrate) and through-space
charge-carrier injection at one electrode, as depicted for 32 in
panel (b) of Fig. 10. Indeed, the four compounds each bearing
two terminal anchoring groups (28-31) showed (less) sloped
and longer plateaus at lower conductance around 107> G,,
which was attributed to the desired anchoring groups being
connected via through-bond transport. While both atropi-
somers of methyl thioether functionalized porphyrins 29 and
31 showed the same conductance value of 2.5 x 107> G,, a
clearly distinguishable difference in the lengths of the two pla-
teaus was observed (0.92 nm and 1.10 nm, respectively, see
panel (c) of Fig. 10).

Interesting differences were observed during the investi-
gation of acetate-masked thiol functionalized porphyrins 28
and 30. Upon immobilization, the resulting molecular junc-
tion with thiol-connected porphyrins displayed similar con-
ductance values of 7.9 x 107> G, (see panel (d) of Fig. 10).
Interestingly, the plateaus are of comparable length (1.47 and
1.40 nm, respectively) and thus considerably longer than the
plateaus observed for the previously mentioned pair of atropi-
somers (29 and 31). This observation was attributed to
mechanochemical isomerization of 28 and 30 into each other,
facilitated by deformation of the chemical structure when

15510 | Nanoscale, 2021, 13, 15500-15525

stress was applied to the molecular junction by increasing (or
decreasing) the tip-to-surface distances. The plateaus of 28
and 30 were not only indistinguishable from each other, they
were also significantly longer than the expected molecular
length. This observation was interpreted to result from further
deformations of the molecular junction prior to rupture of the
molecular junction. This striking finding further corroborates
the increased mechanical stability of the thiol-gold bond com-
pared with the coordinative interaction of the methyl thioether
anchoring group. Interestingly, the strong S-Au bond”” is,
obviously, even strong enough to enable conformational- and
configurational manipulation of molecular junctions by
mechanical control.

Another approach to manipulate a single molecule junction
mechanically was reported by Stefani et al®® A porphyrin-
inspired calix[4]pyrrole was decorated with a pair of para-qua-
terphenyl rods, mounted via benzylic linkers to the opposite
nitrogen atoms of the calix[4]pyrrole macrocycle, while the
exposed termini of the rods were functionalized with methyl
thioethers as anchoring groups coordinating to the gold elec-
trodes. An investigation of mechanically manipulated single
molecule traces in a MCB] experiment displayed long, slow
decaying conductance traces, which were interpreted by the

This journal is © The Royal Society of Chemistry 2021
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authors as a signature of the stretching deformation of the
immobilized single molecule.

Zwick et al. developed the CIP concept further by consider-
ing model compounds that enabled them to analyze the inter-
actions between two neighboring porphyrins, which were both
functionalized to enable CIPs individually. Porphyrin cyclo-
phanes with terminal thioacetates were designed and syn-
thesized to analyze the mechanical sensitivity of the resulting
molecular junction. A first design based on phenylethynyl-
scaffolding yielded bicyclic structure 33 with a surprising C-C
bond interlinking both porphyrin subunits after the key two-
fold Sonogashira-Hagihara macrocyclization. The electronic
transparency of the porphyrin dimer exposing thiol anchoring
groups was analyzed using an MCBJ with a bias voltage of
100 mV under ambient conditions (see Fig. 11(a)).>* No clear
conductance plateau was observed in the molecular traces (890
of 10000 consecutive traces), which was interpreted as an indi-
cation of numerous possible configurations of molecular junc-
tions with comparable probability instead of the desired well-
defined sulfur-to-sulfur molecular junction sketched in
Fig. 11(b). From self-breaking experiments, the averaged con-
ductance of the molecular junctions was estimated to be 107>~

Fig. 11
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10° G,. Nevertheless, the experiment documented that in
spite of the expanded structure with its remote anchoring
groups, the multi-level porphyrin architecture still provided
electronic transparency, enabling its analysis in MCB]
experiments.

In a subsequent study, the second generation of a por-
phyrin cyclophane was presented. In 34 (Fig. 12(a)) both por-
phyrins are interlinked by lateral xanthene acetylenes and
expose a thiol anchoring group each.®® The revolving acetylene
connections between porphyrin and xanthene are expected to
enable the manipulation of the relative position of both por-
phyrins mechanically. In combination with the already men-
tioned mechanically stable thiol anchoring groups, this made
the model compound particularly appealing for MCBJ experi-
ments. The quite advanced mechanosensitive porphyrin cyclo-
phane structure was assembled in a multi-step procedure with
a four-fold Sonogashira-Hagihara macrocyclization as the key
step. In the first investigation, the filtered molecular traces of
this 3D structure showed a clear and flat plateau in the 2D con-
ductance versus electrode displacement histogram with an
average value of 4.1 x 107° G, reaching ~2.5 nm with an
applied bias voltage of 100 mV. This measured conductance
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(a) Chemical structure of 33 depicted in an MCBJ. (b) 2D-histogram of the filtered conductance (all traces other than through-space tunnel-

ing between the two electrodes) vs. displacement of molecular junctions of 33, adapted with permission from ref. 59. Copyright 2020 American

Chemical Society.

Fig. 12
60. Copyright 2020 American Chemical Society.
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value agrees with the one recorded in self-breaking experi-
ments, indicating very comparable arrangements of the mole-
cule in both experiments and most likely the desired sulfur-to-
sulfur molecular junctions. According to the authors,
mechano-sensitivity studies of these junctions are currently
being performed and will be part of future work.

Diez-Pérez’s group developed a method to build single-por-
phyrin STM based break junctions using electrodes coated
with thiol functionalized pyridines. Upon deposition of a
metal, embedded in the square-planar ligand field of a por-
phyrin, axial coordination to two opposite pyridyl nitrogens
perpendicular to the porphyrin plane is executed, enabling
direct connection to the embedded metal center (see Fig. 13).

The so-called “blinking method” was used, ie., the I(¢)
method, to investigate charge transport perpendicular to the
porphyrin plane in junctions connected this way. In their first
study,’’ they compared the conductance of a porphyrin
bearing phenyls in opposite meso-positions (35), which has no
metallic center and therefore no strong interaction with the
pyridinyl groups on the electrode surfaces, and its Co(u)
complex (36) with a divalent metal center allowing for coordi-
nation to the electrode’s pyridinyl surface, affording a hexa-
coordinate system (see Fig. 14(a)). Both 35 and 36 show two
common low (LC) and medium (MC) conductance peaks at
around 107> G, (2.7 and 9.9 x 10~ G, for 35). Cobalt complex
36 shows an extra high (HC) conductance located at 2.9 x 10~>
G, (see Fig. 14(b)). More insights into the origin of the three
conductance levels were obtained by analyzing blinks (spon-
taneous formation of a molecular junction) for Co complex 36
at different, fixed tip-to-surface gap separations. When the tip-
to-surface separation is large, the most frequently observed
blinks are the lowest conductance ones, as the tip-to-surface
distance diminishes, the medium conductance level domi-
nates, whereas the high-conductance level dominates at the
smallest separations. The high conductance level furthermore
shows greater mechanical stability; the high conductance
value is attributed to the generation of an extended electronic
pathway between the two electrodes by molecular orbital delo-
calization along the junction’s main axis as a consequence of
pyridine-Co-pyridine coordination, i.e., yielding a pathway per-
pendicular to the plane of the porphyrin. The LC and MC con-
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Fig. 13
through the electrode-coordinated porphyrin plane, highlighted in red.
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high conductance (HC) peaks, adapted with permission from ref. 61.
Copyright 2014 American Chemical Society. (c, d) Junction configur-
ation yielding the HC peak depicted for the examples of 36—39 (c) and
experimental and theoretical values of the HCs of 36-39 (d), adapted
from ref. 62 with permission from Springer Nature.

ductance levels that are common for both 35 and 36 are attrib-
uted to hydrogen bonding interactions between the pyridine
units and the porphyrin backbone, which could happen at
multiple sites.

In a subsequent study,®® they investigated perpendicular
transport in single-molecule junctions connected via different
metal cores embedded in a porphyrin bearing phenyls in
opposite meso-positions, namely, Co (36), Ni (37), Cu (38), and
Zn (39, see Fig. 14(c)). The STM-based conductance measure-
ments combined with quantum transport calculations demon-
strate that CPP junctions have three-orders-of-magnitude
higher electrical transparency than that of their CIP counter-
parts, ranging from 1.1 x 107> G, for Ni complex 37 up to 8.1 x

(a) Electrode coating demonstrated using 4-thiopyridine followed by deposition of a metal porphyrin. (b) Envisioned CPP transport pathway

This journal is © The Royal Society of Chemistry 2021
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1072 G, for Zn complex 39. The metal ion in the center of the
diphenylpoprhyrin skeleton is strongly coordinated with the
nitrogens of the pyridyl coated electrodes, with a binding
energy that is sensitive to the choice of metal ion. They found
that the binding energies of Zn complex 39 and Co complex 36
were significantly higher than those of Ni and Cu complexes
37 and 38, respectively. They identified 39 (Zn) as the favored
candidate for high-conductance CPP single-molecule devices.
Both theory and experiment reveal that the variation in con-
ductance across this family of molecules increases in the order
Ni < Co < Cu < Zn (see Fig. 14(d)).

More recently, they investigated the effect of different
linkers (for electrode coating) on the configurations of supra-

View Article Online

Review

molecular junctions using the same technique with an applied
bias voltage of 7.5 mV.%* They used pyridine-4-thiol (PyrT) and
the previously used pyridin-4-ylmethanethiol (PyrMT) as elec-
trode coating materials to study junctions after exposition to
porphyrin 40, 5,15-bisphenyl porphyrin 41, and their Co com-
plexes 42 and 43, respectively (see Fig. 15(a)). Similar to pre-
vious experiments, HC, MC, and LC peaks were found for all
porphyrins (40, 41, 42, 43), and MC and LC peaks for all free-
base porphyrins (40 and 41), using PyrMT as the linker.
Junctions formed by PyrT coated electrodes, showed HC peaks
for all Co porphyrins (42 and 43). The previously observed MC
peak was only found to be present with the PyrMT linker in all
compounds. Using PyrT, however, the MC was found to be

a)
4s H
7 PyrT M=2H, R=H (40)
electrode coating: N R R M =2H, R=Phenyl (41)
M=Co, R=H (42)
$S, M= Co, R =Phenyl (43
7N PyrMT M yl (43)
b)
PyrMT &— ‘ PyrT
43 —

T T T T T
10°  10% 108 102 105 10 10% 102
o -
42 @ il . _—e-
- | : H
T T | - T 1 l
105  10% 10% 102 105 10* 108 102
» o—0 N o—0 o—0
o—0 | B ]
T T 1 T T T T
10%  10* 108 102 10°  10% 108 102
40 -
T T T T T T T T
105  10% 108 102 105 10 10° 1072

Fig. 15

(@) Chemical structures of the electrode-coating materials PyrT and PyrMT, and the investigated free-base and Co(i) porphyrins 40—-43. (b)

Schematic diagram of the molecular junction configurations elucidated from measurements of the porphyrins. The conductance values are rep-
resented on the x-axis in Go units (solid lines are the experimental values, striped lines the theoretical values) for both linkers (PyrT and PyrMT) and
the four studied porphyrin systems 40, 41, 42, and 43. Schematic representations of the supramolecular structural motifs, confirmed by DFT, are
depicted for each conductance signature. The color legend represents equivalent interactions across all junctions: blue corresponds to CPP trans-
port (both pyridine linkers interacting with the metal center), green represents one pyridine interacting with the metal center and the other with a
phenyl group, red indicates both pyridine linkers interacting with phenyl rings, and yellow corresponds to two pyridine linkers interacting with the
aromatic ring of the porphyrin, as adapted with permission from ref. 63.
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completely diminished for all compounds and LC peaks were
only observed in phenyl bearing porphyrins (41 and 43). In
general, conductance values were found to be two orders of
magnitude higher for PyrMT coated electrodes compared to
PyrT coated ones. Carefully comparing these findings, the
authors proposed the formation of the responsible transport
configurations, as supported by theory. While the HC peak
still clearly seems to originate from the envisioned nitrogen-
metal-nitrogen configured CPP transport, the MC peak most
probably relies on the possibility of n-r interactions between
the pyridine and the porphyrin. The absence of MC in PyrT
coated junctions can then be explained by the rigidness of
PyrT, standing up from the electrodes, unable to sufficiently
approach the porphyrin spatially, in contrast to PyrMT, which
has sufficient degrees of freedom. This n-n sandwich configur-
ation between the pyridines and the metal (for HC), porphyrin
backbone (for MC), or side-group phenyl (for LC) using
PyrMT, in contrast to the laterally arranged architecture
bonded to PyrT, is supposed to be responsible for the two
orders of magnitude increase in conductance. A schematic
diagram of the molecular junction configurations elucidated
from the measurements, with the conductance values rep-
resented on the x-axis in G, units, is given in Fig. 15(b).
Conductance values of all configurations of all measured por-
phyrins (40, 41, 42, 43) using both electrode coating materials,
PyrT and PyrMT, are listed in Table 1.

In summary, the experiments show that several factors
control charge transport in porphyrin molecules: the orien-
tation of the molecule, the anchoring groups and the type of
metal ion coordinated in its core. Specifically, charge transport
in porphyrin molecular junctions is possible along two direc-
tions, either within the porphyrin plane with characteristic
conducting values between 10> and 10™* G, or perpendicular
to the plane with stable junction formations achieved through
the central metal incorporated into the porphyrin coordinated
to pyridyl-coated electrodes. Conductance values reported in
the latter case are higher, in the range of 107>-10"" G,. The
metal ion influences the conductance and the effect is more
pronounced in CPP transport (a factor of four for the metals
discussed above) compared to CIP, probably caused by a lack
of communication between the charge carrier (being mainly
localized on the aromatic n system of the porphyrin) and the
incorporated metal cation in CIP transport. Interestingly, the
variation in conductance upon changing the metal ion is con-
sistent in both transport directions as it decreases in the order
Zn > Cu > Co > Ni.

Anchoring groups provide a method to modify the mole-
cular junction and charge transport through porphyrins, as
reported in studies using the CIP transport pathway. The
anchoring group triggered modulations were rather moderate
with conductance variations of less than an order of magni-
tude for a number of different anchoring groups. However, in
experiments investigating the mechanosensitivity of molecular
junctions (like the ones with the porphyrin cyclophane),*® not
only the electronic coupling of the molecule to the electrode
has to be considered but also the mechanical stability of the

15514 | Nanoscale, 2021,13, 15500-15525
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molecular junction. Therefore, to optimize a model compound
for a particular experiment, the choice of the anchoring
groups and their position in the porphyrin structure have to be
chosen by considering their role during the experiment as well
as the electrode material.

In many of the shown experiments, multiple conductance
values have been reported for the same set-up, indicating
different molecular-junction configurations, even with the
same anchoring groups. These include configurations with
molecules lying flat on a surface (CPP transport), molecules in
a tilted configuration with the substrate in between these two
states, and molecules bridging two electrodes in a straight way
(CIP transport), whereas these configurations continuously
evolve into each other during the opening of the electrodes.
Usually, high-conductive short plateaus are observed when the
molecule is lifted up from the electrode’s surface. During
elevation of the tip, the molecular junction transforms into
the anchoring-group connected configuration yielding the
more stable, less conductive (and desired) in-plane transport.
In addition to these possible flat-to-stretched conformations,
the through-space injection of charge carriers via the n-clouds
of the macrocycle or via side groups connected to the por-
phyrin ring create a plethora of possible junction configur-
ations in both CIP and CPP transport. However, electron trans-
mission through the porphyrin backbone is consistently
efficient in all of the reported experiments and different
probed transparencies arising by competitive pathways were
generally readily distinguishable.

3. Current—voltage characteristics

In this section, we review current-voltage (I(V)) characteristic
studies on porphyrins. The experiments are grouped into two
subsections: one containing the results from planar device
geometries and one with the results from the scanning probe
techniques (STM and conductive-probe AFM (CP-AFM)), while
largely omitting STM spectroscopy measurements on porphyr-
ins lying flat on surfaces.

Planar device geometries

The first I(V) spectroscopy experiments were performed by
Yoon et al.®* on two types of porphyrin chains end-capped by
non-functionalized phenyls: meso-meso-linked arrays consist-
ing of 48 twisted Zn(u) porphyrins (44) and shorter and flat
beta-beta, meso-meso, beta-beta linked arrays consisting of 8
fused Zn(u) porphyrins (45) in which the constituent porphyrin
macrocycles possess a larger n-conjugation (see Fig. 16). Such
meso-meso linked oligomers (like e.g. 44) are typically syn-
thesized by a repetitive dimerization strategy profiting from Ag
(1) salt promoted oxidative coupling. However, 48-mer 44 was
isolated as a side product during the dimerization of the
16-mer to the 32-mer.®® The triply linked tapes can then be
obtained by oxidative double-ring closure (ODRC) from the
respective meso-meso linked oligomer.®® For longer tapes,
e-beam lithography was used to prepare gold electrodes with

This journal is © The Royal Society of Chemistry 2021
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Fig. 16 Chemical structures of phenyl end-capped meso—meso linked porphyrin wire 44, terminally thiol-functionalized meso—-meso linked wires
46 and 47, phenyl end-capped beta—beta, meso—-meso, beta—beta linked tape 45, and terminally thiol-functionalized beta—beta, meso—-meso,

beta—beta linked tape 48.

20-30 nm spacing, whereas electrodes suitable for measuring
the shorter molecules, with 7 nm spacing, were prepared using
the electromigration-induced break-junction technique.
Electrical contact between the porphyrin arrays and metal elec-
trodes was achieved by using electrostatic trapping.

At room temperature, diode-like behavior and a hysteresis
that depended on the voltage sweep direction was found in the
I(V) curve of 44. This behavior was attributed to conformation-
al heterogeneity arising from the dihedral angle distribution
between neighboring porphyrin subunits in 44. On the other
hand, the I(V) curves for 45 were nearly symmetrical, without
hysteresis, with a higher conductivity and exhibiting a smaller
gap in the current around zero voltage. The authors reported
that these results indicated that the stronger z-electron conju-
gation resulted in better electrical conduction. In a follow-up
study, using the same measuring platform,®” the length and
temperature dependence in meso-meso linked arrays consist-
ing of 24 and 64 Zn(u)porphyrins (46 and 47) end-capped by
4-thiophenyl gold-anchoring groups were studied and com-
pared to the ones from a short porphyrin tape consisting of
two beta-beta, meso-meso, beta-beta fused zinc(u)porphyrins
(48, see Fig. 16). A higher conductivity and smaller voltage gap
were found than in the fused porphyrin arrays (48).
Concerning 46 and 47, the conductance decreased with
increasing molecular length and thermally activated transport
was found at high temperatures with an energy barrier of 0.35
eV for all samples. This behavior was attributed to thermally
activated hopping, although one has to note that this con-
clusion is based on only two data points.

At low temperature (11 K), Noguchi et al. investigated the
cobalt complex of a tetra phenyl porphyrin bearing bulky tert-
butyl groups in opposite and acetate masked thiols in the
lateral positions (49) using electromigrated break junctions.®®
I(V) characteristics of 158 junctions with 49 and 163 reference
junctions without the molecules were measured. The conduc-
tance of the molecular junctions was significantly higher than
that of empty junctions. They observed four types of I(V)s: (i)
curves with currents below the detectable limit, (ii) curves with

This journal is © The Royal Society of Chemistry 2021

a staircase feature, (iii) asymmetric curves, and (iv) symmetric
tunneling like curves (see Fig. 17(a)). This variation in I(V)
characteristics was attributed to microscopic differences in the
structure of the nanogaps, in the electrode/molecule interface,
and in the molecular arrangement. Staircase I(V)s were
observed in both (molecular and empty) junctions and can
thus not serve as a hallmark for molecular behavior. A gate
dependence was observed in some samples, but characteristic
Coulomb diamonds expected for (molecular) quantum dots
and resonant transport were found only in two of the junctions
containing 49. From fitting the data, the tunneling barrier
height or level-alignment (i.e., the distance to the closest
orbital) was estimated to be smaller than 0.5 eV. Saha et al.®®
also used the electromigration technique to investigate the
zinc complex of a similar porphyrin structure, 50, with bare
phenyls in the lateral positions. Room- and low (4.2 K) temp-
erature experiments of molecular junctions were compared to
those of empty control junctions (see Fig. 17(b)). Most of the
samples (17 out of 25) showed an asymmetry at higher negative
bias voltage, which was attributed to an asymmetric wave func-
tion distribution across the molecule. Half of the molecular
junctions (two out of four that were tested for it) showed a gate
dependence and the observed current suppression with
increasing gate voltage was consistent with HOMO mediated
charge transport.

The same group reported room temperature dependent
bistability of an electromigrated molecular junction made with
immobilized porphyrins 51 and 52, with triazole attached rigid
rod-type subunits exposing a terminal anchor group. The syn-
thesis strategy permits the anchoring group to be altered by 1
3-dipolar cycloaddition (also known as Huisgen or “click” reac-
tion) from the same porphyrin precursor. While hysteretic bist-
ability was observed at 300 K, a smooth and structureless (V)
was recorded at 4 K in the case of the oligo( phenylene-ethyny-
lene) decorated 51 (Fig. 18). However, xylene decorated 52 dis-
played the opposite behavior: hysteretic bistability at 4 K and
featureless I(V)s at 300 K. Molecular dynamics simulations
suggest local conformation dynamics of dihedral angles of the

Nanoscale, 2021,13,15500-15525 | 15515
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Fig. 17 (a) Chemical structure of 49 (left) and four different observed

I(V) curves at 11 K (right), as adapted from ref. 68 (permission from the

Japanese Society of Applied Physics is currently under request). (b) Chemical structure of 50 (left) and molecular /(V) curves at room temperature
and 4.2 K (right), adapted from ref. 69 with permission from the American Institute of Physics.
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(a) Chemical structures of 51 and 52. /(V) traces recorded with an electromigrated molecular junction with immobilized 51 at (b) 300 K and

at (c) 4 K. The bistability in (b) at +0.3 V was observed with a voltage sweep of 0—--0.5-0.5-0 (V). The /(V) curves of (b) and (c) are adapted with

permission from ref. 70. Copyright 2015 American Chemical Society.

molecular structure as a potential explanation for the tempera-
ture dependent phenomenon. In addition, the authors hypoth-
esize that low frequency phonons may contribute to structural
changes and bistability in the porphyrin systems.”®

The MCBJ technique at room- and low (6 K) temperature
has also been used to study I(V) characteristics. The technique
permits the combination of low-bias conductance statistical
measurements with spectroscopy of the molecular levels to
probe different junction configurations and monitor changes
in the molecular-level alignment upon fusing and breaking of
a molecular junction. With this method, Perrin et al.”" investi-
gated charge transport through a Zn porphyrin with 4-thiophe-
nyl anchors in opposite and p-tolyl groups in the lateral meso-
positions (53, see Fig. 19(a)).

By repeatedly stretching and fusing the molecular junction,
multiple stable single-molecule junction configurations were
observed, which exhibited different spectroscopic features,
while the low-bias conductance value remained approximately
the same. In a subsequent study,”” 53 was studied using two-
and three-terminal MCBJs at 6 K. Evidence of electrode-
induced energy gap renormalization was demonstrated. When
increasing the electrode separation, a substantial increase in
the transport gap occurred with level shifts as large as several
hundreds of meV for displacements of a few A (see Fig. 19(b)-

15516 | Nanoscale, 2021, 13, 15500-15525

(f)). Analysis of this large and tunable gap renormalization
with image-charge calculations” confirmed the dominant role
of image-charge effects in single-molecule junctions and the
renormalization of their energy levels in the weak electrode-
molecule coupling limit.

The measurements of symmetric junctions shown com-
monly demonstrate that the electrode configurations - even in
the same measurement platform - permit different transparen-
cies (arising from different geometries) to be probed. They
typically indicate the presence of resonant transport with
Coulomb blockade like features (weak electrode-molecule
coupling with incoherent two-step charge carrier transport) or
near-resonant transport with level misalignments in the order
of 0.5 eV. The observed spectroscopic features are generally in
line with HOMO-LUMO gaps that are much smaller than the
ones expected from the gas phase. Gap renormalization by
(dynamic) image charges has shown to be of crucial impor-
tance in explaining this reduction.

Scanning probe based spectroscopy measurements

I(V) characteristics of individual or a few porphyrin molecules
isolated in an alkanethiol matrix have been studied using STM
and conducting AFM methods. Bennett et al.”* employed STM
spectroscopy to study thiol-terminated, butadiyne bridged por-

This journal is © The Royal Society of Chemistry 2021
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Springer Nature.

phyrin dimer 54 (see Fig. 20(a)) isolated in an alkanethiol
matrix, and self-assembled monolayers of the same molecules.
A large number (10000) of I(V) curves have been analyzed in
terms of Fowler-Nordheim tunneling curves (In(f/V?) versus 1/
V). 70% of these curves display a minimum at a characteristic
transition voltage, V,,. For isolated molecules, the transition
voltage shows a multi-peaked distribution of values, indicating
the presence of a small number of distinct molecular/contact
configurations, each having a different transport characteristic.
For self-assembled monolayers, in contrast, a single-peaked

distribution is observed, which is consistent with parallel con-
duction through many molecules. Numerical calculations
showed that bias asymmetry and variation in the V,, values
could be caused by changes in the relative degree of coupling
of the two ends of the molecule to the nanoscale contacts.
Using a combination of STM and CP-AFM, Xi et al.”” investi-
gated a nickel-chelating porphyrin with antipodally arranged
thiol anchors (55) and its self-assembly on gold electrodes as
either films or isolated in a saturated alkyl thiol (1-tetradeca-
nethiol) self-assembled monolayer and then capped with che-
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Fig. 20

(a) Chemical structure of 54. (b) Chemical structure of 55 depicted in a thioalkane self-assembled monolayer (SAM) with opposite tip-

contact via a chemisorbed gold nanoparticle (Au-NP) in an STM-BJ. (c) Three distinct /(V) characteristics observed for the junctions depicted in (a)
corresponding to one, two, or three molecules bridging the circuit in parallel, adapted from ref. 75 with permission from The Royal Society of

Chemistry.
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misorbed gold nanoparticles (see Fig. 20(b)). Statistical
measurements (1000 junctions) revealed three distinct groups
of I(V) curves, corresponding to the conductance of one, two,
and three molecules, which exhibit integer multiples of a fun-
damental molecular conductance of 1.8 x 107> G, (see
Fig. 20(c)). This value compares well with that obtained for iso-
lated molecules and is significantly higher than the conduc-
tance of the host matrix. In all cases, I(V) trends are well
described by a non-resonant tunneling model.

The Batteas group studied a free-base tripyridyl porphyrin
attached to Au surfaces by a thiol tether through a tetrafluoro-
phenyl linker (56, see Fig. 21(a)).”® When inserted into a back-
ground matrix of 1-dodecanethiol, the porphyrins tend to bind
near the edges of defects within the thioalkane layer - either
as single molecules or as small ensembles (ca. three to five
molecules). I(V) curves from the single-molecule domains
appeared roughly symmetrical, with an upturn in current flow
around —1 V and +1.5 V. Larger (6 nm) domains showed a sym-
metrical upturn in current around 1 V, with two types of I(V)
curves: one with a distinct current blockade and one without.
The authors attributed the behavior to local intermolecular
interactions shifting the HOMO-LUMO levels. From DFT cal-
culations, the low observed tunneling efficiency can be attribu-
ted to the lack of effective orbital overlap between the frontier
orbitals of the porphyrin macrocycle and the thiol tether, due
to the orthogonal dihedral angle between the porphyrin ring
and the perfluorophenyl linking group. In addition to the elec-
tronic effects on the phenyl ring, the fluorine atoms increase
the rotation barrier and diminish the dynamics of the aryl-
porphyrin bond (due to the increased dimensions of fluorine
compared to a hydrogen atom). Thus, this group introduces an
effective tunneling barrier within the molecule, despite the
close proximity of the HOMO of the molecule to the Fermi
level of Au.

In their more recent work,”” the same methodology was
used to compare charge transport through free-base porphyrin
56 and its Zn analogue 57 (see Fig. 21(b)). Unlike the free-base
porphyrin, where single-molecule through-bond tunneling was
the dominant mechanism of charge transport, Zn complex 57

Fig. 21 (a, b) Chemical structures of 56 (a) and 57 (b) depicted in a
thioalkane SAM with opposite tip-contacts in an STM-BJ. Attractive
interactions in zinc complex 57, facilitating the formation of large mole-
cular islands, are highlighted in blue.

15518 | Nanoscale, 2021, 13, 15500-15525

View Article Online

Nanoscale

facilitated the formation of large molecular islands in an alka-
nethiol matrix on the gold surface. Bias-induced switching
and increased tunneling efficiencies (compared to 56)
observed by STM, as well as the Coulomb blockade observed
in low-temperature crossed-wire tunnel junction measure-
ments, indicate that charge hopping becomes the dominant
mechanism of transport in molecular islands of 57. The
enhancement of the nearest neighbor interactions is hypoth-
esized to result in lateral delocalization of charge states in
molecular islands and thereby favoring the more efficient, and
more chemically tunable, charge-hopping regime.

Kuang et al.”® used STM spectroscopy at low temperature
(4.9 K) to investigate single-molecule junctions of the Fe
complex of tetraphenyl porphyrin 58 (see Fig. 22(a)). By stretch-
ing and fusing the junctions, they were able to reversibly tune
the gap width and simultaneously conduct transport measure-
ments. They observed a zero-bias resonance with a variable
line shape as a function of electrode separation, which was
attributed to a change in the spin density of the Fe center (see
Fig. 22b). First-principles calculations revealed that the metal
center underwent a spin transition from S = 2 to S = 1, when
the junction gap was widened. This spin transition is associ-
ated with a conformational change of the metal porphyrin
from saddle to planar. Even so, we initially excluded experi-
ments studying porphyrins flat lying on a substrate by STM
from this review; in this particular case, manipulation towards
an upstanding porphyrin including spin flipping makes it an
interesting supplement for this review.

The results obtained by the scanning-probe techniques
generally confirm the main conclusion of the previous sec-
tions, i.e., that single-molecule junctions can adapt to
different conformations and that charge transport occurs by
tunneling with small (less than 1 eV) level misalignments.
Interestingly, the measurements on porphyrin clusters show
that transport can proceed by hopping, indicating longer resi-
dence times of charge carriers on the molecules held
together by n—n interactions. The delocalization of charge car-
riers increases the importance of charge-charge interactions
and leads to the observed current reduction at low bias
(Coulomb blockade).
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Fig. 22 (a) Chemical structure of 58 depicted in an STM-BJ. (b) d//dV

spectra for the molecular junction depicted in (a) over the course of
multiple tip up- and downward displacement cycles, as indicated by
blue and red arrows, respectively, as adapted with permission from ref.
78. Copyright 2017 American Chemical Society.
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4. Beta(p)-decay values of molecular
porphyrin wires

Efficient charge transport through organic molecules over
extended distances is an important aspect in molecular elec-
tronics, and a prerequisite for the design of robust molecular
wires that could possibly be used for the fabrication and inter-
connection of devices. The decrease in transmission as
a function of distance represents a key parameter in defining
charge transport along (molecular) wires. In the coherent,
off-resonant tunneling model, the molecular conductance (G)
decreases exponentially with increasing molecular length,
d, as:

G=Aye ",

where A, is a constant that in the case of direct molecule-elec-
trode coupling can be related to an effective contact resistance
Ry (Ao = 1/Ry), and p is the decay constant for transmission
across a tunnel barrier measured in units of inverse distance:
the smaller the f factor, the more efficient charge transport
occurs. While the f factor depends on the structure of the
molecular backbone and characterizes the distance depen-
dence of the experimentally determined molecular conduc-
tance, R, provides information about molecule-electrode coup-
ling. Both parameters can be extracted from length dependent
conductance measurements involving molecule families with
the same backbone structure when plotting the molecular con-
ductance as a function of their length.

There have been many studies that show an exponential
decrease in conductance as a function of molecular
length, which is consistent with charge transport being domi-
nated by a coherent off-resonant tunneling mechanism.
Corresponding experimental and theoretical # values are dis-
cussed for varying molecular structures, anchoring groups
and electrode materials using various experimental platforms
including both single-molecule and molecular assembly
junctions.>® 7?8 In most of the studies on short molecules
(<3-5 nm), experimental S values are in the range of
2-12 nm~" depending on the molecular backbone. Exceptions
are oligothiophene with f values of around 1 nm™,*" oligoyne
with g values of around 0.6 nm™'®*> and porphyrins, which
will be discussed further in this section. We further note that
if the transport distance extends beyond the tunnelling
regime (3-5 nm), electrons or holes may reside on the mole-
cular wire for a long enough time to lose their phase infor-
mation (e.g. when transport involves nuclear motion of the
atoms that make up the molecule). In this case, incoherent
“hopping” describes charge motion across the molecular wire
by a series of transitions between neighbouring sites consist-
ing of localized states. Unlike coherent tunnelling, hopping is
thermally activated and typically exhibits a 1/d distance
dependence instead of the exponential one characteristic of
off-resonant tunneling. It is often observed in longer conju-
gated molecular wires where the direct tunneling process is
strongly suppressed.

This journal is © The Royal Society of Chemistry 2021
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Next to efficient off-resonant transport along the backbone,
a low p value can also be obtained experimentally when
approaching the resonant transport regime, which occurs
when the energy difference between one of the frontier mole-
cular orbitals (HOMO or LUMO) and the Fermi level, Ef,
diminishes. In that case, the height of the tunnelling barrier is
reduced and the charge can be rapidly transported through
the molecular orbital. For the purpose of quantifying $ decay
values, porphyrin molecular wires of different length, with
different connectivity in the backbone and different anchoring
groups were studied. All structures involved in the studies
reviewed in this chapter are given in Fig. 23(a)-(e); § values for
the individual series of porphyrin wires and the respective
measurement platforms are plotted in Fig. 23(f).

In 2008, the first measurements of the length dependence
of single-molecule conductance in thioacetate terminated
butadiyne-bridged porphyrin molecular wires 59, 54, and 60
(Series 2 in Fig. 23(b)) using the STM break-junction technique
were reported by the Nichols group® using both the I(s) and
I(t) modes. Both types of measurements were in good agree-
ment with each other and revealed an exceptionally weak
attenuation over distances up to 5 nm, with a f factor of
0.4 nm™" at 600 mV applied bias (Fig. 23(f)). Although the dis-
tance dependent measurements were also found to be in
agreement with a hopping mechanism (i.e., data could be
fitted to a 1/d length dependence as well), the authors pointed
out that the mechanisms were not mutually exclusive.
However, the f factor was later re-evaluated to be 2.0 nm™" at
zero bias and 0.9 nm™" at 900 mV.%¢

Borguet’s group® used the STM break junction technique
(I(s)) to study thiol anchored acetylene-bridged Zn porphyrin
wires (monomer 61, dimer 62, and trimer 63, Series 1 in
Fig. 22(a)). They found two conductance peaks in their
measurements, which were attributed to two different junction
configurations: a fully stretched one leading to the low-conduc-
tance peak and a configuration in which the molecules
remained under an angle with respect to the substrate (leading
to the high-conductance peak). The ratio between the two
observed configurations was about a factor of four (see
Table 1). More importantly, both conductance peaks were
found to decrease exponentially with molecular length with
the same S values of 0.34 nm™" at 100 mV applied bias (see
Fig. 23(f)). Thus, in the low-bias regime, the acetylene bridged
strands (Series 1) have about the same f attenuation factor as
their butadiyne bridged analogues (Series 2). The conductance
values of the two classes of porphyrin wires were further found
to be in good agreement with each other (see Table 1).

With a low f value, the experimental distinction between
hopping and coherent off-resonant tunneling transport
mechanisms can be difficult, since linear and exponential
fitting across the limited range of molecular lengths accessible
for the experiment may be inconclusive. Next to analyzing the
length dependence, the distinction between the two mecha-
nisms can be achieved by measuring the temperature depen-
dence of molecular conductance. Although off-resonant trans-
port should be temperature independent, the temperature

Nanoscale, 2021,13,15500-15525 | 15519
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dependence of the Fermi distribution function can cause the
overall process to be temperature dependent.?®3%*1:42:87

For this purpose, the Nichols group studied the length
dependence of conductance in pyridine-terminated butadiyne-
bridged porphyrin wires 64, 65, and 66 (Series 3 in Fig. 23(c))
as a function of temperature.*” They obtained a similar $ decay
value of 0.4 nm™" in the range of 25 to 100 °C (see Fig. 23(f))
at 600 mV bias voltage. Determination of the slopes of the
Arrhenius plots yielded energy barriers of 0.08 eV for
monomer 64, 0.14 eV for dimer 65, and 0.22 eV for trimer 66.
The temperature dependence can be described within the

15520 | Nanoscale, 2021, 13, 15500-15525

coherent tunneling mechanism following Poot et al:*' when
the Fermi energy is positioned in the tails of one of the fron-
tier orbitals (HOMO in this case), the exponential temperature
dependence can be explained by considering the convolution
of the smeared Fermi functions and the energy-dependent tail
of the main transport channel. DFT calculations demonstrated
the experimentally observed trend for the activation energies.
For longer molecules the transmission of the HOMO is
steeper. Thus, the experimental observations (exponential
length and temperature dependence) are consistent with
phase-coherent tunneling through the HOMO molecular

This journal is © The Royal Society of Chemistry 2021
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orbital with Er as a single adjustable parameter. From com-
parison with experiments, the level misalighment was esti-
mated to be 0.4 eV.

Subsequent measurements® by the same group using the
I(s) method were performed on three different types of por-
phyrin oligomers (monomer 64, dimer and trimer): butadiyne-
linked chains (65 and 66, Series 3 in Fig. 23(c), similar to the
previous study), meso-meso-linked twisted strands (67, 68,
Series 4 in Fig. 23(d)) and beta-beta, meso-meso, beta-beta-
fused planar tapes (69 and 70, Series 5 in Fig. 23(e)) with term-
inal pyridine anchoring groups. The p decay values of
0.4 nm™" for Series 3; 1.1 nm™" for Series 4; and 0.2 nm™" for
Series 5 were observed at an applied bias voltage of 600 mV. As
expected, the twisted strands mediate (Series 4) transport least
effectively. However, despite a considerable difference in the
values and the length dependence of the HOMO-LUMO gap
for different molecules, the conductances of all molecules
were found to be within a factor of seven (see Table 1). It can
therefore be speculated that the main obstacle to transport
comes from the barrier at the contacts (I') and not from the
intrinsic transmission through the backbone of the molecule.
The coupling in this case was established through terminal
pyridine anchoring groups attached to the porphyrin wires.
Better coupling, i.e., highly transmissive metal-molecule con-
tacts would be required to increase their conductance.

In general, the porphyrin backbones of the studied wires
transport charges efficiently with ultra-low attenuation factors
at low bias, especially if the porphyrin planes are not twisted
with respect to each other (low dihedral angle distributions are
favored). Experiments with high bias should be interpreted
carefully, since approaching resonant transport increases the
conductance and lowers the f values. However, the obtained f
values reported herein gathered through experiments with
applied biases from 100 to 600 mV are found to be in good
agreement with each other.?%%®

5. The future of porphyrins in
molecular electronics

Due to their absorption and emission properties, appealing geo-
metry, synthetic accessibility, suitable stability, and rich metal
coordination chemistry, porphyrins have great potential for the
construction of functional electronic devices. As summarized in
this review, mainly basic issues concerning charge transport
properties through single-porphyrin junctions have been
studied during the past ten years, leading the way for the next
level of molecular complexity, profiting to a larger extent from
the features and functions of the porphyrin building blocks.
The reported low f values at low biases recorded for oligo-por-
phyrins make them promising building blocks for molecular
wires, as efficient charge transport over relatively long distances
is an important issue in molecular electronics. With these
promising building blocks, more complex molecular devices
will become accessible, like e.g. porphyrin dimers varying the
extent of communication between both porphyrins by an exter-
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nal trigger (an already realized example is mechanosensitive
porphyrin cyclophane 34). Porphyrins can have a rich redox
chemistry with a variety of charged states, which might be
useful for information storage in molecular junctions,® but
might also serve as a trigger to manipulate intramolecular inter-
actions electrostatically in more complex (super)structures,
paving the way towards molecular muscles and machines.’**
Even more visionary is the use of porphyrin based architectures
as qubits integrated in a quantum computing set-up, and the
first porphyrin complexes with f-orbital metals, namely, the
lanthanides terbium and dysprosium, have already been
reported.” However, there are structural physicochemical chal-
lenges to be faced when extended molecular architectures, e.g.
longer porphyrin wires, should be developed, such as the solu-
bility required to guarantee wet chemical processability and
chemical stability. Also, from the viewpoint of physical experi-
ments, there are interesting challenges linked to long wire struc-
tures, like their tendency to interact with the electrode surface
through their extended n-surface instead of forming molecular
junctions of the fully stretched molecular wire. However, the
steady contributions from neighboring disciplines will further
push the limitations of accessible experimental data and
explore the potential of these fascinating model compounds
inspired by nature. The authors are convinced that the combi-
nation of unique physical properties and synthetic accessibility
provides a bright future for molecular devices in single mole-
cule junctions based on porphyrin subunits.
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