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ARTICLE INFO ABSTRACT

Article history: The proposal that molecules can perform electronic functions in devices such as diodes, rectifiers, wires
Received 2 April 2010 and capacitors, or serve as functional materials for electronic or magnetic memory, has stimulated intense
Accepted 20 May 2010 research across physics, chemistry, and engineering for over 35 years. Because biology uses porphyrins
Available online 27 May 2010 and metalloporphyrins as catalysts, small molecule transporters, electrical conduits, and energy transduc-
ers in photosynthesis, porphyrins are an obvious class of molecules to investigate for molecular electronic
functions. Of the numerous kinds of molecules under investigation for molecular electronics applications,
Molecular electronics porphyrins and their related macrocycles are of particular interest because they are robust and their elec-
Scanning probe microscopy tronic properties can be tuned by chelation of a metal ion and substitution on the macrocycle. The other
Supramolecular porphyrinoids have equally variable and adjustable photophysical properties, thus photonic applications
Self-assembly are potentiated. At least in the near term, realistic architectures for molecular electronics will require
self-organization or nanoprinting on surfaces. This review concentrates on self-organized porphyrinoids
as components of working electronic devices on electronically active substrates with particular emphasis
on the effect of surface, molecular design, molecular orientation and matrix on the detailed electronic
properties of single molecules.
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“For a successful technology, reality must take precedence over
public relations, for Nature cannot be fooled.”
Richard P. Feynman

1. Introduction

Many current electronic technologies are rapidly approach-
ing the limit of performance and miniaturization in a growing
number of applications across science and technology because
traditional inorganic materials and component architectures are
optimized to the edges of the theoretical limits of performance.
Most currently employed techniques for mass production of sil-
icon based electronic devices involve multiple chemically and
energetically wasteful procedures such as purification and crystal-
lization of wafer materials, high energy radiation for patterning,
toxic etchants, and vapor deposition of nanolayers. As a conse-
quence of these methods, manufacturing large arrays of chips,
each with millions of devices, fabrication facilities are stunningly
expensive to build and operate. Additionally, most of the energy
used to power these devices is lost as heat rather than used to
perform intended functions, the dissipation of which requires addi-
tional production and energy costs. A great motivation towards the
development of molecular electronics is part of efforts to increase
performance while at the same time diminishing component size,
reduce production costs, and minimize the environmental impacts
of production and operation [1]. Flexible display and electronics
technologies, and ink-jet printing of circuitry will also benefit from
molecule based electronics.

Molecules or collections of molecules functioning as electronic
components have ample precedent in nature. Voltage, ligand,
antibiotic, and other ion conducting channels are digital electronics
self-assembled into biological membranes in that they have only
‘on’ or ‘off’ positions with unit conductance that are unique to a
given channel [2]. Photosynthetic reaction centers transport elec-
trons over about eight nm with remarkable efficiency. lon pumps
can also be gated. The photo-driven purple membrane pumps con-
taining bacteriorhodopsin have been studied for many decades
in terms of their potential as molecular electronic and photonic
materials because they are very robust, can cycle many thou-
sands of times, and the distinctive color changes upon oxidation
and/or reduction impart a second functionality to these materials
[3,4]. However, the rate of conducting ions in channels and bac-
teriorhodopsin proteins, and the stability of the former, limit the
usefulness of these constructs as components of complex electronic
devices. The various photosynthetic systems can provide much
inspiration, but are too fragile for real-world applications.

Research on molecular electronics focuses on the molecule, but
melds concepts from diverse fields such as physics, chemistry, bio-
physics, and electrical engineering. See several recent reviews that
focus on different aspects of molecular electronics ranging from
surface chemistry to molecular design to theory, including a beau-
tiful discussion of mechanical bonds with molecular electronics
applications by Stoddart [5-9]. Electronics fabricated from organic
materials are potentially much less toxic, easier to recycle, and
scalable. In addition, molecular electronics have the potential to
contribute to the continuation of Moore’s law in the miniaturiza-
tion of electronic components, pending the further development of
bottom up nanofabrication techniques suitable for mass produc-
tion.

In general, classic Coulombic charging, the relative spacing of the
highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO), the spin, and the vibrational modes will
determine single electron currents through molecules connected
to electrodes with tunneling barriers [10]. Thus, the reversibility
of accessible redox states of molecules is important, e.g. in sin-

gle molecule transistors [10]. In the case of conducting polymers,
the conductance is dependent on the structure, conjugation of the
molecular system, and the length. A recent study shows that the
mechanical characteristics and topology of a polyfluorene are also
important. Pulling this polymer from a gold surface with an STM
tip allows about a 20 nm change in length whereupon the conduc-
tance curves show an exponential decay with increasing length and
oscillations that correspond to a monomer unit detaching from the
surface [11]. The molecular electronic properties are also depen-
dent on the matrix surrounding the molecule and the domain size
(number of copies of a molecule in a discrete domain). Many of the
physical properties of ceramic semiconductor devices have analo-
gies in hybrid molecular electronics. For example, image charges
generated in the source and the drain can result in the localiza-
tion of charges in molecules such as conjugated phenyls [10], or
in ensembled domains, until a critical charge density is reached
whereupon the transistor switches (see below).

There are several reviews of the potential applications of por-
phyrins and phthalocyanines in molecular electronics [12-16], and
as sensitizers for solar cells [17]. This review will focus specifi-
cally on applications of porphyrin and porphyrinoid molecules as
components of working molecular electronic devices on electroni-
cally active substrates from ca. the past decade. Particular emphasis
will be placed on how the detailed molecular architecture dic-
tates the electronic properties and how the performance of these
molecules is affected by surface chemistry, attachment, orienta-
tion, and matrix around the electroactive species. Though there is
excellent work on materials composed of porphyrin and phthalo-
cyanine films and aggregates, for example as components of solar
energy harvesting, electroluminescent and electronic devices [18],
these are not included in this review per se, except as a compar-
ison to single molecule measurements or in terms of attachment
chemistry.

1.1. Porphyrinoids

Single, small conjugated molecules have shown Kondo res-
onance [19]. Large, stable aromatic systems are particularly
attractive as molecular electronics because the HOMO-LUMO
energy gaps are in a realistic operational range, they tend to be
stable, and the oxidation and or reduction chemistry is reversible
under appropriate conditions. Porphyrins and the related macro-
cycles such as phthalocyanines are large aromatic dyes that are
about 1 and 1.5 nm across, respectively. The porphyrin cores have
11 pi bonds (Fig. 1) and the phthalocyanines have an additional
eight in the fused isoindole structure (Fig. 2). This class of dyes
has rich electrochemical and photophysical properties amenable
to molecular electronics applications. These divalent ligands can
bind almost every metal in the periodic table, which further modu-
lates the electronic and photonic properties. There is an extensive
literature on the chemistry, properties, and applications of por-
phyrins and phthalocyanines [20-22]. There are two notable early
examples of supramolecular devices based on porphyrins. The
self-assembly of photo generated porphyrin cations and lipophilic
ions into ion chains inside membranes results in the formation of
photogated ion conductors [23-26], and the metal ion mediated
self-assembly of porphyrin tetramers insides membranes results
in photogated transistors [27]. The work of Bard, Fox and cowork-
ers is another early example of the fabrication of a porphyrin-based
electronic device. In this case, thin films of mesogenic porphyrins
on ITO electrodes served as read-write devices that could be cycled
about 1.5 billion times and have an equivalent storage density
of 8 x 1019 bits/cm? [28,29]. Some simple, symmetric porphyrins
with potential for microelectronics are commercially viable [30],
and some phthalocyanines are already used in many applications
ranging from compact disks to display technologies [22]. Currently,
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Fig. 1. (A) Structure of the porphyrin macrocycles with a cadre of common meso (5, 10, 15, 20) aryl derivatives. Note the meso alkane compounds are also readily accessible
synthetically. (B) Much of the supramolecular chemistry of porphyrins uses less symmetric compounds, e.g. those used in the formation of SAMs on surfaces, rely on a mixed
aldehyde synthesis wherein two aryl aldehydes are mixed with pyrrole to form a ‘combinatorial’ library of six compounds. The chromatographic separation of the compounds
and isomers yields compounds that can be used to study molecular topologies, surface binding geometries, self-assembly into discrete arrays, or self-organization into films.

Many of these compounds can also be made by more direct routes.

substantial strides have been made in the design and fabrication of
porphyrinoid dye-based photovoltaics [17,31-34], and relevant to
this review: molecular wires [35-39], transistors [40], logic gates,
junctions, memory storage, and other molecule-based systems
[13].

Porphyrins, metalloporphyrins, and their derivatives are rel-
atively non-toxic and prime candidates for a host of molecular
electronics applications. As a class of molecule, they possess
distinctive, reversible oxidation and reduction chemistry that
potentiates use as wires, switches, transistors, junctions, and pho-
todiodes. The electronic and photophysical properties are governed
by the bound metal ion, which can be nearly every element in the
periodic table, exocyclic moieties on the pyrrole and/or on the meso
positions, and the matrix surrounding the chromophore. Synthetic
porphyrin chemistry is well developed and the Gouterman [41] and

Michl [42] molecular orbital models accurately predict the elec-
tronic consequences of appending organic substituents and binding
metal ions.

Appending exocyclic moieties designed for specific intermolec-
ular interactions, e.g. ligands and H-bonds, is now routinely used to
construct supramolecular materials. As materials, there continues
to be a substantial amount of work on the design of new porphyrin
derivatives that self-assemble into discrete nanoarchitectures or
self-organize into a diverse menu of nanostructures [43-47] such
as films [48,49], crystals [38,50-52], tubes [53-55], rods, wires [56],
nanoparticle spheres [57,58], and complex fractal-like or chiral
patterns [59,60]. A variety of nanofibers have also been reported
[61-64]. Coordination chemistry is most often used because the
metal ion binding geometry can be exploited as a design element
and coordination bonds are robust [65]. Electrostatic [26,54] and
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phthalocyanine

M= 2H* or metal ion

Fig. 2. The phthalocyanine macrocycle and numbering scheme. The isoindole posi-
tions near the ring are often referred to as « (i.e. 1, 4, 8, 11, 15, 18, 22, 25) and those
away from the ring 3. Substitution at the 3 positions is more typical. For substituted
phthalocyanines with an odd number of substituents on the isoindoles there are
usually positional isomers, and these isomers are usually not specifically enumer-
ated. PcFy¢ where all positions bear a fluorine and the Cu(Il) complex, are commonly
used in photovoltaic applications.

hydrogen bond [52,66] interactions are also used in formation of
porphyrinic materials. Reversible coordination of metal ions dic-
tates the conformation of porphyrins linked to the 5,5’ positions of
a 2,2’-bipyridyl bridge thereby reversibly switching the electronic
communication between the chromophores [67]. Geometric com-
plementarities between pyridyl substituted porphyrins and metal
ion binding facilitates formation of many structures ranging from
linear tapes to squares and boxes [68]. Coordination chemistry can
also be used to stitch together different chromophores into 3 x 3
and other arrays [37,69-72], and complementary coordination
chemistry between covalently linking porphyrins yields photonic
and/or conducting wires [35,73-79]. In most cases, self-assembly
and self-organization are accomplished under mild conditions.
There is also a large amount of ongoing work on photo initiated
electron transfer reactions in molecules and assemblies containing
porphyrins [78-80]. In materials, the photonic properties of a given
porphyrin are also highly dependent on the surrounding matrix
of porphyrins, wherein the number, connectivity, relative orienta-
tion, and dynamics of both the molecules and the intermolecular
interactions dictate the function of the chromophore and the mate-
rial. Because of their adjustable photonic properties, robustness to
decomposition, and ease of synthesis, porphyrins and porphyrinoid
materials continue to be thoroughly investigated as components of
organic light emitting devices, sensors, solar cells, and photocata-
lysts.

1.2. Chelated metal ions

In addition to serving as a design element in the formation
of supramolecular materials via endocyclic and exocyclic metal
ion coordination, metal ions bound by these macrocycles fur-
ther potentiate molecular electronics applications. The degree of
electron delocalization between the chelated metal ion and the
porphyrins depends on the relative energies and mixing of the
orbitals, and has been extensively studied by EPR and other spec-
troscopies for both paramagnetic metal centers and ligand centered
radical ions. For example, diamagnetic closed shell Zn(Il) com-
plexes, diamagnetic open shell Ni(Il), and paramagnetic Mn(III),
Fe(II), Co(II) complexes have significantly different photophysical
properties and redox chemistry. The availability and energies of
the metal orbitals can also be varied, e.g. closed shell Ti(IV), Zr(IV),
and Hf(IV) complexes. The relative orbital energies, and thus the
electronic populations of the central metal ion, are also dictated
by the coordination chemistry via ligand field effects. The forced

square planar geometry of the macrocycles and the degree of axial
ligation can have profound effects on the relative energies and the
population of the d orbitals of complexed open shell metallopor-
phyrins, such as for the Ni(Il) porphyrins described below [81,82].1n
non-luminescent Ni(Il) porphyrins, the deactivation of the excited
state proceeds through a metal centered d,d (dxz_yz, d,») excited
state. Coordination of pyridine at both axial positions raises the
d,» orbital energy, thereby altering the photophysical properties,
such that the population of the excited d,d state transiently forces
the deligation of the pyridines [83]. Ground state [84] and excited
state [81] molecular dynamics can have a profound impact on the
function of these molecules in devices. The role of counter ions in
complexes with trivalent and tetravalent metal ions can be equally
important to the photonic properties, and thus their ability to serve
as components of devices [85]. Similar orbital and metal ion bind-
ing considerations apply to phthalocyanines [86]. The role of metal
ions in the conductance of porphyrin wires has been studied theo-
retically [76].

1.3. Synthesis

Meso tetraarylporphyrin synthesis is generally accom-
plished by Rothemund-Adler-type reactions [87,88] and
MacDonald-Lindsey-type reactions [12,89,90]. The former syn-
thesis mixes an aldehyde with pyrrole and when two or more
aldehydes are used a mixture is produced (Fig. 1) [91], while the
latter multistep strategy can yield specific target macrocycles.
A recent report on the synthesis of meso-tetraarylporphyrins
under aerobic oxidation conditions produced tetraphenylpor-
phyrin in over 60% yields [92]. The meso aryl substituents are
orthogonal to the macrocycle because of steric interactions with
the pyrrole BH, so the porphyrin faces are somewhat blocked.
When the meso positions are unsubstituted and there are eight
alkyl substituents on the pyrroles, most commonly octaethyl-
porphyrin, the macrocycle can lay flat onto a substrate. There
are likewise many routes to phthalocyanines. The most common
methods are to heat phthalonitriles or phthalimides in high
boiling solvents, sometimes in the presence of metal ion template.
Non-symmetrically substituted starting materials result in isomers
[20,22].

2. Measurements of charge transport in molecular
assemblies

The specific electronic properties of porphyrins govern their use
as active electronic components and must therefore be fully char-
acterized before the molecule can be incorporated into a device.

Fig. 3. Parts of a porphyrin molecule for surface attachment include the reactive
surface moiety, a tether, and the linking group to the porphyrin. Metal ions and
exocyclic moieties modulate electronic properties.
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In order to characterize the electrical properties of molecules, a
range of techniques have been developed. The electronic prop-
erties of single molecules or small ensembles of molecules have
been measured through a number of different electrical test beds.
These include electrical and mechanical break junctions [93-97],
cross-wire junctions [98], nanopores [99], mercury drop contacts
[100], cyclic voltammetry (CV) [101,102], conducting-probe atomic
force microscopy (CP-AFM) [103,104], and scanning tunneling
microscopy (STM) [97,105,106]. Among these, STM and CP-AFM
can provide complementary surface analyses, as they enable inves-
tigation of individual molecules on surfaces on the atomic scale.
In addition to structural details, the STM images themselves can

further elucidate information regarding local tunneling probabili-
ties as well as the local electronic density of molecular orbitals (e.g.
HOMO and LUMO) participating in the tunneling process. Highly -
conjugated molecules, such as porphyrins are of particular interest
since the m-electron delocalization inside such molecules typically
results in lower injection barriers and more efficient tunneling
or electron transfer. Specific electronic properties of porphyrins
such as tunneling efficiency and the transport pathway are of
significant interest in designing molecules for use as electrical
components. These measurement techniques have been recently
reviewed, and the reader is directed to these articles for details
[107,108].

Fig. 4. Large planar macrocycles such as porphyrins and phthalocyanines tend to adsorb cofacially on surfaces such as highly ordered pyrolytic graphite (HOPG), Au(IlI),
NaCl, and other atomically smooth substrates. Here Ni(TPP) and PcF;¢ are deposited on HOPG as well as a 2:1 mixture. Reproduced from Ref. [115] with permission of the

copyright holders.
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3. Porphyrinoids on surfaces

Porphyrinoids can be organized onto surfaces in two gen-
eral ways: (1) self-assembled monolayers (SAMs) wherein the
active molecules are covalently attached to the surface via well-
established surface chemistries (Fig. 3) and (2) self-organization
into 2-dimensional arrays and/or layers by adsorption onto surfaces
(Fig. 4) [109-116]. In both cases the surface chemistry, energetics,
and structure play key roles in the final structure and organization
of the photonic materials [101,117,118]. For SAMs, there are four
essential parts of the molecule: the electronically active dye, the
linker, the tether, and the surface-reactive functional group. Each
part plays a role in the molecular electronic properties.

3.1. Adsorption

The self-organization of porphyrins on surfaces has been exten-
sively studied by Hipps and coworkers who have characterized
the electronic properties of porphyrins and related compounds
such as phthalocyanines adsorbed as monolayers on surfaces
[111,113,114,116,119,120]. These studies conclude that the orbital
energies of the macrocycles including the metal ions, molecular
states, and the surface states determine the coupling, and thus
tunneling probability (Fig. 5). They have also conducted a variety
of studies on the nanomanipulation and self-organization of por-
phyrins on HOPG as well as metal substrates such as Au. Studies
which combine a range of surface analytical tools, such as X-
ray photoelectron spectroscopy, inelastic tunneling spectroscopy,
reflection absorption IR spectroscopy, ultra-violet photoelectron
spectroscopy, along with STM have provided a significant amount
of information regarding the physical and electronic properties of
porphyrins on surfaces. This arena of research has shown that por-
phyrins can be valuable components of electronic devices since
they possess desired properties such the ability to be deposited
on surfaces without a change in composition or oxidation state and
their frontier orbital energies lie close to the Fermi level of the Au
substrates.

Various strategies toward multiporphyrin arrays have been
reported [121-123]. Recently, Hecht and coworkers reported that
the formation of two-dimensional arrays of porphyrins on gold
surfaces can be accomplished by evaporative deposition or cast-
ing of tetra(4-bromophenyl)porphyrin onto gold surfaces, which
results in a reasonably well ordered supramolecular array of up to
ca. 100 nm. These arrays are pre-positioned to form covalent two-
dimensional networks upon heating, or if deposited above a critical

temperature [124]. Similar to the coordination arrays, the substitu-
tion pattern on the porphyrin can dictate the nanoarchitecture of
the resulting covalent array, for example the 5,15-derivative leads
to chains (Fig. 6), but the formation of high fidelity 2-dimensional
structures over large areas is yet to be achieved [124]. More than
just thickness, research groups are able to control the orienta-
tion of the molecules comprising the SAM, and there are many
reports on the effect of reaction conditions on the ordering of
molecules in a monolayer. For example, Ha et al. demonstrated
the effect of annealing the first adsorbed layer on the orienta-
tion of the second layer [125]. Hydrogen bonding interactions and
halogen-halogen interactions alter the thermodynamic properties
and therefore binding modes of the adsorbed molecules on surfaces
[126,127].

3.2. Surface attachments

3.2.1. Thiols on gold

The use of porphyrins in molecular electronics largely came
about from the formation of liquid crystalline films and attach-
ment of the molecules to surfaces in the form of the now ubiquitous
self-assembled monolayer (SAM) [125,126,128]. Thiols create well
ordered structures on gold substrates, and similarly a variety of
porphyrins have been bound to gold as SAMs [129-135]. Numerous
patterns and arrangements of single molecules and supramolecu-
lar assemblies have been reported [127]. Many of the early SAMs
were created as Langmuir-Blodgett films, and later were fabricated
by dipping the substrate into a solution containing the thiol for
extended periods of time. Extensive techniques have been devel-
oped to fabricate and characterize these assemblies, especially
ultrahigh vacuum techniques that allows layers to be patterned
with precision approaching nanometer control [136]. Assembly
approaches can be further extended by the use of nanopatterning,
via techniques such as scanning probe lithography [118,121,128].
In our own work, we have recently shown that porphyrin assem-
blies may be patterned on Au surfaces using nanografting. In
nanografting, an AFM tip is used to displace surface bound matrix
molecules (typically an alkanethiol) in a background solution of
the molecule of interest. During this process, the molecule of inter-
est, in this example a porphyrin appended with a thiol, then bonds
within the open surface region created by the removal of the matrix
molecules [137]. Using scanning probe lithography, thiol tethered
porphyrin assemblies with features down to ca. 10 nm in dimen-
sion (Fig. 7) can be fabricated to create well defined nanostructures
on surfaces.

Fig.5. Assemblies of Ni(Il) and Fe(Il) phthalocyanine on Au(1 1 1). While both systems contain a central metal atom with the same valance, the Fe d® system has greater orbital
density near the Fermi level leading to an observed increased tunneling probability than that of the Ni d® containing species. Reproduced from Ref. [110] with permission of
the copyright holders. These authors also examined d’ and d° metallophthalocyanines [109].
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Fig. 6. Formation of supramolecular arrays of halogenated aryl porphyrins allows
covalent bond assembly of one- and two-dimensional structures on a gold surface
upon heating. In this case the formation of the one-dimensional tapes is shown.
The arrow indicates overlapping of two linear chains rather than a covalent bond.
Reproduced from Ref. [124] with permission of the copyright holders.

There are several modes of porphyrin attachments to gold sur-
faces depending on the location and size of the linker moieties
and attachment groups. For example, Perrine et al, attached thiols
directly to the porphyrin macrocycle on either opposing pyrrole (3
positions or on opposing meso positions, therefore attached to dif-
ferent macrocycle molecular orbitals [138]. This geometry allows
the cofacial deposition of the porphyrin with the 7-system remark-
ably close to the Au surface with reasonable reliability (Fig. 8).
Porphyrin oligomers terminated on either end with thiols allow
them to bridge between gold electrodes, and where I-V plots show
that the fused systems show markedly different electric proper-
ties than similar oligomers directly connected via meso positions
(Fig. 9) [139]. Cycling of these electrodes however, indicated that
the porphyrins may be aggregating due to mobility or lability of
the Au-S bonds. Similar constructs with multimers of acetylene-
bridged zinc porphyrins using phenylacetylene tethers on each end
bridged between gold electrodes showed that the conductance is
not linearly dependent on the distance (Fig. 9) [36]. A theoretical
approach indicated that a porphyrin bearing eight thiols, two on
each pyrrole, may bridge between four gold electrodes to serve
as a photogated current router, but construction of this type of
device will be problematic [140]. The free base and the Co(lII) tetra
phenylporphyrins with thiols on the 4-positions on opposing meso
positions (5, 15 in Fig. 1) can be attached to gold nanowires. In
this case the metalloporphyrin served as a memory bit wherein the
charge was located as the Co(II/Ill) couple, which then alters the
conductance of the nanowire. The free base exhibited no memory
effects [40]. In all of the constructs with thiols the facile formation
of the disulfides, in the presence of oxygen or from electrode gener-
ated redox processes, can complicate the formation of the material
and interpretation of the data. Also, the mobility and lability of the
S—-Au bond must be considered.

3.2.2. Other attachment chemistry

The use of a single alkylthiol tether can also be used to implant
these molecules into a background matrix, allowing for the investi-
gation of single molecules as well as assemblies of these molecules
to be investigated by techniques such as scanning tunneling
microscopy (e.g. Fig. 7). Beyond metal surfaces, attachment to semi-
conducting and oxide surfaces can be accomplished via a range
of addition reactions. These have different surface bond energies
(Table 1). In each of these cases the first key issue surrounding this
approach to device fabrication includes understanding the attach-
ment chemistry required to organize the molecular components
on surfaces and the role of these bonds in electronic coupling. The
implementation of strategies which link molecular components
directly to semiconductors such as Si have a significant advan-
tage in light of the extensive technologies and fabrication methods
already built up around Si in the existing semiconductor industry.
To this end, several groups are reshaping our views of traditional
organic chemistry by establishing reaction mechanisms of small
organics on semiconductor surfaces such as Si [143-145]. Recent
work has also shown that porphyrin films can be attached to Si
surfaces via Si-O linkages [142], and that these molecular mono-
layers are very robust under elevated temperatures, maintaining
their electroactivity, thus making them reasonable candidates for
device fabrication [104]. Other linking chemistries, including the
use of chlorosilanes [146] and phosphates [147] can be used for
the formation of self-assembled monolayers (SAMs) on oxide sur-
faces. Additionally, direct attachment to H-terminated Si can be
accomplished through the use of alkyne and hydroxyl groups to
form Si-C and Si-O bonds [148,149]. However, the details of how
the film quality (i.e. defect density and local aggregate dimension)
impact performance, as well as how the specifics of the electronic
structure, packing geometry and coupling group exert influences
on the charge transport behavior of the system are not reported.
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Fig. 7. A 3 x 3 array of nanografted islands of a zinc porphyrinthiol (top) patterned in a background matrix of dodecanethiol. The feature size illustrated here is ca. 20 nm
(FWHM) as determined from the topographic image (left). The porphyrins protrude above the dodecanethiol matrix by ca. 0.6 nm. The friction image (right) more clearly
shows the patterned array. The scalebars in the lower right are 50 nm (Batteas and coworkers, unpublished results).

Fig. 8. Perrine et al. demonstrated cofacial deposition of porphyrins on Au surfaces with thiols directly attached to the porphyrin. Reproduced from Ref.[138] with permission
of the copyright holders.
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Fig.9. Top: Electrical properties of directly linked porphyrin wires across Au nanoelectrodes with spacing of less than 5 nm were prepared using an electromigration-induced
break-junction technique. Reproduced from Ref. [139] with permission of the copyright holders. Bottom: an acetylene-linked porphyrin construct has been studied to look
at distance dependence on the conductivity. Reproduced from Ref. [36] with permission of the copyright holders.

3.3. Monolayers on other surfaces: information storage

Matching the appended attachment group to the surface chem-
istry allows formation of monolayers on a variety of surfaces.
Alkynes add to Si(100) surfaces in hydrosilylation reactions. For
example, an alkyne-terminated tether attached to silicon can sub-
sequently react with a porphyrin bearing an azido moiety on a
pyrrole in a click-type 1,3-Huisgen cycloaddition [141]. Similarly,
vinyl groups can be added to Si(1 00) surfaces [150,151]. Porphyrin
and phthalocyanine based molecular memory devices are among
the most promising in the arena of molecular electronics because
these macrocycles are generally robust enough to withstand the
elevated temperatures and reaction conditions needed to fabricate
monolayers on silicon. Adsorbed or bound to a conducting or semi-
conducting surface, domains of porphyrins are excellent candidates

Table 1
Surface attachment chemistry.

for memory storage due to their distinct yet easily manipulated
and often photoactive electronic states. By exploiting the reversible
redox states of a porphyrin an “on-off switch” is created to func-
tion as the unit by which information is stored. The porphyrin layer
also stores charge in this manner thereby serving as a molecular
capacitor and mimicking the inorganic transistor/capacitor system
currently used for memory storage. Because applications for molec-
ular memory demand a high charge density and a small footprint
to minimize feature size, molecules with multiple reversible redox
states may potentiate a new generation of devices.

Lindsey, Bocian and coworkers presented some of the best and
most thorough approaches to designing and creating functional and
potentially economically viable molecular memory devices that are
stable to ~400°C and can undergo ~10!2 cycles [102,152]. These
devices, and others like them, are well characterized by numer-

Structure/surface
(6]

Comments, and surface bond energies

Recent examples

Por-tether-S-/gold

Migration and lability of S-Au bond

[129-135]

can be used to form islands of
electroactive molecules and can
present issues for preparing useful
devices. Surface bond energy ~1.9eV

Por-tether-CH=CH-/Si(100)

Por-tether-CH,-/Si(100)
Por-tether-0-/Si(100)
Adsorption

energy ~3.7eV

This bond is less labile, surface bond

Surface bond energy ~3.7 eV
Surface bond energy <0.5 eV

[141]

[142]
[111,112,114,115,119,121]
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Fig. 10. (A) The dynamics of a surface attached trimer is one of the factors that
determine the surface density, where SAG is the surface attachment group. (B) The
heteroleptic Por-Eu-Pc-Eu-Pc serves as a multi-bit information storage molecule.
Reproduced from Ref. [153] with permission of the copyright holders.

ous electrochemical and microscopic techniques [151]. Molecules
with as many as four discrete redox states maintain a small foot-
print because of their unique binding mode to the surface (Fig. 10)
[153,154]. Carcel et al. created a series of molecules to investi-
gate: (a) electron transfer kinetics between the surface and the
adsorbed molecule by varying the moiety used for attachment, (b)
a series of porphyrins designed to investigate the effects of charge
density, and (c) a set to investigate methods of chip patterning. Elec-
tron transfer rates increase as packing density in the SAM decrease
[155].

Work by Lindsey and Bocian in the past decade has shown
that the reversible redox activity of porphyrin complexes can be
exploited for molecular information storage applications where
the oxidation of the porphyrin is the write cycle and the reduc-
tion is the read cycle [156,157]. Several porphyrin complexes that
can serve as molecular charge storage elements were designed to
form robust monolayers and to be compatible with conventional
semiconductor lithography. Careful investigations of the attach-

ment chemistry and topology, tether, and linker moieties have
yielded insights to the functional role of each part of the molecule.
The electronic functional properties of monolayers of a diverse
set of porphyrinoids were investigated to decipher the molecu-
lar architecture in terms of all four parts of the molecule (Fig. 2).
These studies included: monopodal, bipodal, and tripodal attach-
ment geometries together with variations in the binding chemistry
to silicon using oxygen, sulfur, and selenium [130,132,150-155].
These molecules and their derivatives also have potential uses in
the field of molecular memory devices. In terms of the electronically
active porphyrinoid portion of the molecule, a single first row tran-
sition metal porphyrin complex usually has 1-2 reversible redox
processes. Lanthanides and other metal ions with large ionic radii
form sandwich complexes with porphyrins and phthalocyanines
because they protrude significantly out of the mean plane of the
macrocycle. Higher order, and mixed porphyrin-phthalocyanine
sandwich complexes can also be formed in reasonable yields, and
these tend to have more reversible redox states than the monomers
(Fig. 10). Attachment of a tether to these large multiporphyrinoid
systems allows construction of a monolayer wherein each molecule
has a minimal footprint to maximize the surface density of the elec-
tronically active units, and the distinct oxidation states of each unit
allows them to be used as multi-bit devices [151].

3.4. Nano-Islands

Our groups are interested in designing components for electron-
ics using a porphyrin core system as shown in Fig. 7. Specifically,
we have designed a free-base porphyrin macrocycle bearing three
4-pyridyl moieties and one pentafluorophenyl substituent in the
meso positions as a core platform for the rapid, high yield attach-
ment of tethers that can be tailored to both the surface chemistry
and other design criteria. In this case the pentafluorophenyl moi-
ety serves as a “universal” linker to which a variety of nucleophiles
can be appended via replacement of the 4-fluoro group. The
pyridyl motifs allow design of intermolecular interactions to yield
hierarchically organized monolayers or can provide a convenient
attachment point for additional molecules via metal-ligand coor-
dination chemistry. Initial studies used a terminal dithioalkane to
yield a derivative for immobilization onto a gold surface via strong
sulfur-gold chemisorption. Moreover, by controlling the extent of
fluorination of this linker group, this phenyl ring, can be used as an
internal barrier to control the tunneling between the macrocycle
and the thiol tether. This barrier can be modulated by systematic
variation of the number and position of the fluoro groups on the
ring, thus affording some control of the relative orbital energies
of this phenyl group and the degree of steric interactions between
the 2,6-positions on this phenyl group with the pyrrole 3-hydrogen
atoms. Thus, control of these interactions provides a means to dic-
tate the electronic coupling between the macrocycle and the tether.

To optimize our ability to investigate these molecules either
individually or as small monolayer aggregates (about 6nm in
dimension), we have characterized SAMs of these porphyrin-based
molecules with thiol linkers mixed into a pre-assembled dode-
canethiol matrix [135]. These insertion based experiments afford
the means of orienting molecules at the surface by covering the
surface with a protective capping group first (in this case a simple
alkanethiol). Assemblies of such molecules on clean open metal
surfaces show that they will frequently lay down on the surface
as described above, driven by the strong interaction between the
7w system and the metal Au terraces. In characterizing the free-
base and zinc porphyrin derivatives, it was found that the molecule
inserts on edges of the substrate and into defects in the pre-
assembled dodecanethiol SAM. The free-base analogue tends to
insert as single molecules and small monolayer domains dispersed
within the background SAM. The small islands of the free-base por-
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Fig. 11. [-V spectra (averaged from 50 curves each) for the (A) dodecanethiol matrix, (B) small (~2 nm) porphyrin domains and (C and D) large (>6 nm) porphyrin domains.

Reproduced from Ref. [135] with permission of the copyright holders.

phyrin molecules undergo stochastic switching as observed during
STM measurements in the mixed monolayer. This is likely associ-
ated with conformational changes within the monolayer. The I-V
spectra are shown in Fig. 11. The zinc metalated derivative has
a much higher proclivity for aggregation mediated by both coor-
dination chemistry and m-m interactions, thereby creating larger
domains that are approximately 10 nm in width on average. These
large domains of the metalloporphyrin afford interesting electronic
properties, such as Coulomb blockade, that are not seen in the small
clusters or with the free-base analogue (see below).

3.5. Other devices

In many molecular electronic devices, efficient charge separa-
tion and charge stability is essential. Photo initiated charge transfer
reactions of porphyrins have been extensively studied and many
form long lived charge separate states. The charge stability com-
bined with excellent charge carrier mobilities make these systems
prime candidates for molecular electronic applications [158-160].
Photo initiated charge injection from porphyrins into semicon-
ducting surfaces has been studied in the context of solar energy
devices and the interfacial electron transfer rates are generally less
than a ps [17,78]. Much work is being done in the design of new
molecules capable of forming long lived charge separated states
based on the distinct electronic states of porphyrinoids that enable
functions such as current routers, gates and field effect transistors
[39,133,140,161-165]. Linear gates and T gates have been fabri-
cated and can be controlled by porphyrin redox chemistry as well as
photochemistry [166,167]. Recent studies have also demonstrated
that porphyrins on surfaces display stochastic switching [135].
Recently we have found that by forming nanoscale assemblies of
zinc metalloporphyrins similar to those in Fig. 7, stable Coulomb
islands can be formed as evidenced by the appearance of a Coulomb
staircase in the I-V measurements (unpublished results).

Derivatives of the generic molecule shown in Fig. 3 have shown
promise to serve as molecular capacitors and single electron
tunneling devices in which small islands are assembled within elec-
trode gaps and their charge state tuned using a gate voltage. In one
example, we investigated the transport properties of zinc metallo-

porphyrinislandsinserted into a dodecanethiol matrixon Au(111).
Using scanning tunneling microscopy (STM), it was shown that
the zinc porphyrin islands exhibited bias dependent switching at
high surface coverage, where the conductance of the molecules
increased when sweeping above the threshold voltage, and the
islands returned to a lower conductance state when the tip was
swept to the negative bias. In other examples, free-base porphyrins
assembled in nanogap electrodes (formed as break junctions) have
been reported to act as Coulomb islands [168-170]. Wakayama
et al. observed Coulomb blockade in the -V measurements of
these systems and also showed that the threshold voltages were
sensitive to changes in the intermolecular interactions [171-173].
Overall, it has been shown that intermolecular interactions such as
aggregation play a significant role in the electronic properties of
porphyrin molecules. These aggregates readily show the ability to
stabilize charge and this affords a means of creating bias switchable
devices.

4. Space charge

Materials composed of small molecular aggregates have been
shown to exhibit the ability to store charge. In analogy to the
semiconductor counterparts, the development of charge in the
molecules of a SAM bound to a surface saturates before every
molecule becomes ionized because of space charge limitations,
and densely packed monolayers of porphyrinoids are an excel-
lent example [156,174,175]. Space charge limited conductance of
supramolecular porphyrin wires in lipid bilayers was previously
noted (Fig. 12) [23-26]. Thus the optimum surface or device den-
sity of active molecules represents a balance between efficient
use of molecules because of space charge limits and the need
for redundancy to assure performance. Space charge scales with
q/4mege; where q is the charge &y is the vacuum permittivity
(8.85x10712]-12m1), and ¢; is the dielectric constant of the
medium. Perhaps secondary SAM molecules in the matrix that can
diminish the space charge effects by raising the dielectric constant
(~3 for an alkane, 20-30 for a polyethyleneglycol) or serve as built-
in counter ions may allow greater surface densities of the active
molecules.
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Fig. 12. The conductance of tetraphenylboride (TPhB~) through a lipid bilayer
saturates with increasing concentration because of space charge limits (®). An
implicit equation describes the space charge limited current, solid line: prphp_ =
0.602C Bexp(—qVrpns) Where 0.602 converts units of concentration moll-!, to
ions/nm?, C is the concentration of the lipophilic ion, B is the partition coefficient, g
is the molecular charge, and V is the potential of the ion inside the membrane based
on electrostatic calculations. Cancellation of the space charge of the lipophilic anion
by photo-formation of a porphyrin cation and self-assembly into an ion chain can
increase the conductance by >20-fold (O), were the dashed line is the calculated
non-space charge limited conductance. This photogated device is an early example
of an all-organic molecular electronic. Reproduced from Ref. [26] with permission
of the copyright holders.

5. Past, present, and future

Previously, in the pre-scanning probe era, there was excellent
work on the conductivity of crystalline and polycrystalline mate-
rials that were in many ways the forerunners of today’s efforts in
molecular electronics. The pioneering work of Marks and cowork-
ers on crystalline and polycrystalline halogen-doped [M(Pc)O]ly,
materials in the late 1970s (Fig. 13) [176-178] is noteworthy. Elec-
trical conductivities of the best performing wires, where M =Si, Ge,
and Snwithx=1-2,were ~0.1  cm~!.Inview of the new analytical
tools and new approaches to forming nanowires, it would be inter-
esting torevisit these systems to assess the transport mechanism(s)
and their photonic properties on the nanoscale.

Currently, molecular electronics based on porphyrinoid systems
show great promise for the future. The molecular design and for-
mation of functional devices has been aided by new fabrication
strategies, measurement tools, and theoretical models. Several key
results should be noted. All parts of the molecule play critical roles
in the molecular electronic properties: redox active moiety, linker,
tether, and attachment group. The matrix surrounding the probed
molecule has a profound effect on the activity of the molecule
whether the matrix consists of passive alkanes, active molecules
of the same kind, or active molecules of other types. The detailed
electronic properties of a single molecule can be quite different
than nanoscale domains or islands of these molecules. Space charge
and redox potentials can limit the charge density on a given sur-
face and number of charges on given molecules, respectively. The
hierarchical organization of molecules, wherein the supramolec-
ular structure varies with scale, has the potential to modulate
function. For example, the intermolecular interactions between
free-base porphyrins are different than the corresponding zinc
metalloporphyrins in nanodomains of these molecules in SAMs.
The precise architecture mediated by supramolecular interactions
ranging from w- interactions to coordination bonds dictates the
electronic communication between the molecules in these nan-

Fig. 13. Conductive polycrystalline wires of Marks and coworkers reported in the
late 1970s. Redrawn from Refs. [175,178].

odomains, thus have profound effects on the observed molecular
electronic properties.

In the future, developing better theoretical and experimental
probes of how both the ensemble and matrix effects molecular elec-
tronic properties will facilitate design of enabling technologies. For
example, predictably designing specific switching properties and
thresholds are keystone issues to be developed. The matrix sur-
rounding the active molecules is an essential design element that
has heretofore not been specifically studied. The role of molecular
dynamics on multiple time scales (vibrational and conformational)
on the molecular electronic properties is beginning to be appreci-
ated both in terms of the initial charge transport efficiency and rate,
and in terms of while the molecule is in the ‘on’ or ‘off’ redox state.
Yet, there is a paucity of studies that systematically vary temper-
ature with observed transport properties of porphyrinoid SAMs or
those using matrix molecules with varying stiffness. We have not
specifically discussed the commercial viability of the dyes, but if
the molecule is to be deployed on a large scale, easily scalable and
economical synthetic strategies will be needed eventually.

Much of the work described above is on large areas of SAMs
of porphyrinoids wherein little molecular level or nanoscale level
measurements have been made. Though the surface may appear to
be uniformly covered with the active molecules by electrochemical
and spectroscopic methods, it is yet to be determined how uniform
the molecular electronic properties are on the nanoscale. Are cadres
of supramolecularly organized substructures present in the SAM?
If so, do they have different transport properties as we observed in
the case of the porphyrins in the SAM matrix? Many of these sys-
tems are demonstrated to be remarkably robust, but can defective
molecules be replaced to restore the functional parameters of the
device? What is the right balance between molecular economy and
needed redundancy for a given function?

Indeed, as Feynman noted there has been a lot of public rela-
tions concerning the potential of molecular electronics, but as we
develop a better understanding of Nature (e.g. the physics of molec-
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ular conduction), the long-held promise of molecular electronics
may be moving from bench to successful technology.
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