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a b s t r a c t

Porphyrins are promising components to be used in molecular electronics due to their rich elec-
tronic/photonic properties. Preparation of supramolecular architectures of porphyrins on solid surfaces
would constitute a basis for further development toward molecular circuitry or other constructs
for molecular electronics applications. Assemblies on surfaces can be probed with scanning tunnel-
ing microscopy (STM) at submolecular resolutions to reveal the arrangements and conformations of
eywords:
lectrochemical scanning tunneling
icroscopy
ighly oriented pyrolytic graphite
orphyrins
canning tunneling microscopy

molecules on an individual molecule basis. The electronic characteristics within a single porphyrin
molecule can also be probed by means of the same technique. This review summarizes the status quo
of STM studies on porphyrins on surfaces with regard to their assemblies, structures, and electronic
properties at the single molecule level.

© 2010 Elsevier B.V. All rights reserved.

ltrahigh vacuum scanning tunneling
icroscopy
∗ Tel.: +81 3 3259 0817; fax: +81 3 3259 0817.
E-mail address: otsuki@chem.cst.nihon-u.ac.jp.

010-8545/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2009.12.038
1. Introduction

A number of molecules behave as active or passive electronic
components [1–5], which opens the possibility for molecular
electronics, in which individual molecules work as functional com-

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:otsuki@chem.cst.nihon-u.ac.jp
dx.doi.org/10.1016/j.ccr.2009.12.038
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ig. 1. Map toward molecular electronics. There are some achievements in the issu
uture challenges.

onents. However, much research has to be done before realizing
olecular electronics. Fig. 1 shows a simple map illustrating a way

o reach the goal.
The first step is to know the structural and electronic proper-

ies of individual molecules. To investigate structures of assemblies
ormed from the component molecules may be the next step.
specially relevant are assemblies on surfaces, because connec-
ion between the molecular world and the macroscopic world
ill be achieved through conventional electronic circuitry con-

tructed on solid substrates. Principles of higher order organization
f molecules may be gleaned by analyzing the correlation between
he structures of molecules and substrates and those of the assem-
lies thereof. Electronic communication among molecules within
he assembly is of great importance as a basis for molecular elec-
ronic circuitry, although investigation in this direction is being
ampered by technical difficulties. To go a step further, the art
f molecular design must be mastered to create surface patterns
y judicious choice of molecular shapes, polarities, distribution
f hydrophilic/hydrophobic sites, as well as by incorporation of
irectional forces such as hydrogen bonding and coordination

nteractions. Many lessens can be learnt from supramolecular
hemistry highly developed in three-dimensional realms [6,7]. In
rinciple, electronic communication among molecules within the
atterned assemblies is modulated from that in simpler close-
acked assemblies. A much more challenging step that lies ahead is
o construct nonperiodic assemblies. The top-down approach has
een used to fabricate nonperiodic structures, whereas there seems
o be no practical way from the bottom-up approach to nonperi-
dic assemblies at present. Nonperiodic assemblies of molecules
ay be required to realize molecular electronic circuits, how-

ver. Presently, we have excellent examples of studies on single
olecules and their electronic properties, well-ordered surface

ssemblies, as well as designed surface assemblies, which are indi-
ated by bold-faced words in Fig. 1 and are treated in this review.

Scanning tunneling microscopy (STM) provides a powerful
eans to study surface species at submolecular resolutions [8]. As

he STM measures electric current through the tip and the substrate
hrough the adsorbed molecule as a function of spatial position,
he obtained data contain information on both the electronic struc-
ure and topographic structure. A number of excellent reviews are
vailable, even in recent years only, on STM studies of molecular
ssemblies on surfaces from different perspectives [9–14]. Surface
ssemblies from porphyrins are of special interest, because por-
hyrins play important roles in processes ranging over electron
ransfer, energy transfer, light absorption, light emission, catalysis,
nd combinations of these both in nature and in artificial systems.
n this review, STM studies on porphyrin molecules and molec-
lar assemblies are summarized. The topics are organized mainly
ccording to the substrates used. First, porphyrin assemblies on the

urface of highly oriented pyrolytic graphite (HOPG) are described.
ost of the STM studies using HOPG as a substrate are con-

ucted under ambient conditions either at liquid/solid interfaces
r air/solid interfaces. Second, porphyrin assemblies at interfaces
f metals and electrolyte solutions studied with electrochemical
old-faced words, which are covered in this review, while those in plain letters are

STM (EC-STM) are described. The EC-STM enables the control of
the substrate potential independent of the bias voltages. Third, por-
phyrin assemblies on metal surfaces with ultrahigh vacuum STM
(UHV-STM) are described. The UHV conditions provide extremely
clean surfaces, which would not be obtained at ambient conditions
because of surface oxidation, etc. Wide temperature ranges can also
be applicable for UHV-STM, which allows measurements at very
low temperatures, making stable and high-resolution measure-
ments possible. Therefore, the electronic structures of molecules
and electronic processes occurring at the surfaces is mostly probed
using UHV-STM.

2. Porphyrin assemblies on HOPG

2.1. HOPG

Using HOPG as a substrate for molecular assemblies for STM
measurements has several advantages.

• HOPG has atomically flat surfaces.
• A clean surface is easily obtained by manual cleavage with adhe-

sive tape.
• The surface is stable in air. This contrasts with most metal surfaces

that often require high-vacuum conditions to keep the surface
clean.

• HOPG is commercially available at an affordable price.

Surface assemblies are observed either at liquid/solid interface
or air/solid interface. Since the initial observations of highly ordered
arrays of liquid crystalline molecules on the HOPG surface [15–17],
many studies have been devoted to various aspects of ordered
arrays of molecules on the HOPG surface [18–22]. The most com-
mon strategy to obtain highly ordered assemblies of molecules on
the HOPG surface is to use alkylated compounds taking advantage
of their high affinities for the surface of HOPG. The high affinity
originates from near commensurate packing of alkyl chains on the
HOPG surface. Alkyl groups usually adopt the extended all-trans
zigzag conformation. The primary driving force for the adsorption
is van der Waals interactions between the alkyl groups and the
HOPG surface. The secondary force involved in the packing is van
der Waals interaction between alkyl groups [23]. It would be wise to
pay attention to Moiré patterns and graphitic artifacts that could be
mistaken for molecular assemblies before making any conclusions
about exotic structures of molecular assemblies [24–28].

2.2. Assemblies of simple porphyrin derivatives on HOPG

STM studies on porphyrins adsorbed on HOPG were initially

performed to reveal how these molecules adsorb on the surface
as a model of electrocatalytic surfaces. Iron(III) protoporphyrin IX,
zinc(II) protoporphyrin IX, and free-base protoporphyrin IX all lie
flat and form two-dimensional densely packed lattices at the elec-
trolyte solution/HOPG interface [29].
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Fig. 2. Surface array of H2-T(C22OP)P at the 1-phenylo

The close-packed assemblies are formed from intact proto-
orphyrin IX as described just above. Not all molecules form a
acked array suitable for STM observation, however. The physi-
al adsorption of small organic molecules to the surface of HOPG
t ambient temperatures is not strong enough for an isolated
olecule to be immobilized to allow STM observation. Molecules

eed to form a packed array. A general strategy to immobilize
molecule is to attach alkyl chains to the molecule of interest.

hus, surface assemblies of M-T(CnOP)P molecules were realized at
he 1-phenyloctane/HOPG interface and observed with STM under
mbient conditions [30–32].

The tetrakis(alkoxy)phenyl porphyrins form a lamellar arrange-
ent with alkyl chains from the porphyrin rows interdigitate,

iving rise to a close-packed array. The image shown in Fig. 2 is
he array of H2-T(C22OP)P at the 1-phenyloctane/HOPG interface.
ach of the four-lobed structure corresponds to a molecule of por-
hyrin forming a lamellar arrangement. The bright lobes appear at
he positions of the phenyl groups. In the area of dark troughs, alkyl

hains extending nearly perpendicular to the molecular rows cover
he surface. The interlamellar separation can be adjusted with the
umber of carbons in the alkyl chains.

The fabrication of desired surface two-dimensional patterns
ight be of importance to be used in a specific purpose, such
HOPG interface. (a) STM image. (b) Molecular models.

as shape selective catalysis and a directional guidance of elec-
trons along a specified route, to name a few. One way to obtain
patterns other than close-packed structures may be to use direc-
tional forces such as hydrogen bonds and coordination bonds, as
described below. Another way may be to introduce a perturba-
tion on part of the alkyl chain. The surface assemblies made from
porphyrins bearing alkyl chains each of which contains a diacety-
lene unit, M-T(CnDAP)P, were examined in this context [33]. The
diacetylene moiety imparts kinks in the middle of the alkyl chains.
The diacetylene-containing porphyrin derivative with the longest
alkyl chain (n = 15) forms a lamellar pattern on the surface of HOPG,
with the porphyrin planes adopting a face-on orientation, as shown
in Fig. 3a. The kinks in the alkyl chains prevent the formation
of a close-packed structure, resulting in a less dense surface pat-
tern with void spaces in the array. For the diacetylene-containing
porphyrin derivatives with shorter alkyl chains (n = 9 and 4), the
molecules form columns via �� stacking of porphyrin macrocycles
(Fig. 3b). The columns, which run parallel to the HOPG surface, align
side-by-side to fill the surface. The porphyrin planes are in an edge-
on orientation with respect to the substrate surface. Qualitatively,
the final structure is determined by the balance between attractive
interactions between porphyrin macrocycles via �� stacking and
another attractive interaction between alkyl chains and the sur-
face of HOPG. Therefore, the face-on adsorption motif is preferred
for porphyrins with longer alkyl chains, while column formation
dominates for porphyrins with shorter alkyl chains.

The meso-phenyl rings make an angle with respect to the
porphyrin plane in meso-tetraphenylporphyrin (TPP) deriva-

tives [34]. This would prevent strong interactions between the
porphyrin plane with the substrate. On the other hand, meso-
tetraalkylporphyrin, M-TCnP, has no such steric constraint and
hence strong interactions between the porphyrin macrocycle
and the substrate are anticipated. The free-base [35,36] and
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opper–porphyrin [35] spontaneously self-assemble into extended
rrays at the interface between HOPG and 1-phenyloctane or
etradecane. The packing of M-TC12P molecules revealed by STM
ndicates that only two alkyl chains in the molecule are physisorbed
n the surface of HOPG. The remaining alkyl chains are probably
ointing away from the surface into the solution.

H2-TC12P molecules form a well-ordered monolayer assemblies
lso at the tetradecane/Au(1 1 1) interface [36]. Only one alkyl chain
n each molecule is adsorbed in this case, maximizing the sur-
ace density of the molecules. The high density assembly suggests
hat the porphyrin macrocycle–surface interaction is more favor-
ble than the alkyl chain–surface interaction for the gain in the
ree-energy of adsorption. Four-lobed structures are observed for

2-TC12P molecules in the STM image. It was suggested that the
our-lobed image represents distortion of the porphyrin core of H2-
C12P out of planarity. The X-ray photoemission spectrum of the N
s core level on the monolayer showed a peak that can be assigned
o iminic nitrogen atoms (–C N–) coordinated onto Au(1 1 1), in
ddition to those corresponding to pyrrolic nitrogen atoms (–NH–)
nd free iminic nitrogen atoms.

Scanning tunneling spectroscopy (STS) for the Cu-TC11P at the
u(1 1 1)/tetradecane interface shows prominent peaks in differen-

ial current (dI/dV) at −0.175 and +0.300 V, which are within a range
uch narrower than the HOMO–LUMO gap of the Cu–porphyrin

35]. These peaks imply the presence of new binding states as a
onsequence of a strong porphyrin–substrate interaction.

Ni-OEP also forms ordered arrays on the surface of HOPG (from
olatile organic solutions) and on Au(1 1 1) (vapor deposited) [37].
he molecules in the array on HOPG were manipulated with a STM
ip to make an exposed HOPG surface in certain patterns [38]. The
ffects of chiral substituents on the structures of the assemblies
ere examined in detail with H2-T(R-amideP)P [34,39]. Strapped
orphyrin, M-T(C24OP)P-strap, forms ordered arrays on the surface
f HOPG, pointing to a possibility of making functional arrays via
hemical modification on the strapped moiety [40].

.3. Porphyrin assemblies governed by directional intermolecular
nteractions on HOPG
It is possible to design surface patterns other than close-packed
tructures by incorporating sites for directional interaction, such as
ydrogen bonding and coordination interactions, into the molec-
lar structure. A tris(alkoxyphenyl)porphyrin derivative with one
ydroxyphenyl group left intact, Zn-(HOP)(C12OP)3P, assembles
views 254 (2010) 2311–2341

into patterns different from that formed from M-T(CnOP)P [41].
Two different arrangements form. One is an arrangement in which
the porphyrin adsorb face-on to the surface, forming dimeric units
most likely through the formation of a hydrogen bond involving
the hydroxyl group. A similar dimeric formation was also found
in the monolayer of bacteriochlorophyllides c, which has a free
hydroxyl group on the periphery of the macrocycle, deposited from
a methanol solution on HOPG [42]. The other is a columnar assem-
bly adsorbed on the surface in an edge-on orientation. The fact that
these two patterns coexist means that the free-energy of forma-
tion for these completely different patterns happen to be close each
other.

Apart from their distinguished electronic and photonic prop-
erties, porphyrins are suitable as a model in examining the rela-
tionship between the molecular structures and the supramolecular
structures, since substituents for intermolecular interactions can be
synthetically introduced to the corners of square-shaped porphyrin
scaffold in different numbers and positions in a systematic way.
Effects of hydrogen bonding on the structures of surface assemblies
were investigated with a series of TPP derivatives with a certain
number of carboxyl groups on the phenyl moieties. The bulk crys-
tal of Zn-T(HO2CP)P consists of two-dimensional sheets stacked
together, in which porphyrin molecules are connected through
the hydrogen-bonded carboxylic acid cyclic dimer [43]. On the
surface of HOPG, however, a different type of hydrogen bonding
network forms from H2-T(HO2CP)P, which is joined by carboxylic
acid tetramers (Fig. 4) [44]. The surface density is higher in this

motif than in the sheet in the bulk crystals. The increased surface
density is favorable with respect to molecule–surface interactions.

Yet, the density is still lower than the close-packed structure to
maintain the hydrogen bonds among the carboxyl groups even
though they are not optimum ones. Thus, the molecule–substrate
interactions perturbs the hydrogen bonding, giving rise to a new
motif of two-dimensional array on the surface.



J. Otsuki / Coordination Chemistry Reviews 254 (2010) 2311–2341 2315

F of wh
( tation

m
p
a
a
[
i
c
M
t
i
a

F
s

ig. 3. Surface patterns formed from porphyrin derivatives bearing alkyl chains, each
b) H2-T(C9DAP)P. Columnar arrays, in which the porphyrins take an edge-on orien

TPP derivatives bearing both alkyl chains and carboxyl
oieties at the 4-position of the phenyl groups in every

ossible combination were examined with regard to their self-
ssembled structures. Two of them, i.e., cis-H2-(HO2CP)2(C18OP)2P
nd H2-(HO2CP)(C18OP)3P, afforded ordered arrays on HOPG
45]. In cis-H2-(HO2CP)2(C18OP)2P, the carboxyl moieties are
ntroduced on the two adjacent corners of the molecule.

is-H2-(HO2CP)2(C18OP)2P molecules assemble into a motif of
-T(HO2CP)P and M-T(CnOP)P combined. It forms a lamellar struc-

ure, in which each row consists of a pair of porphyrins associated
n a head-to-head configuration, as shown in Fig. 5a. Alkyl moieties
re arranged in the same motif of interdigitation as in the array of

ig. 4. Observed motif of hydrogen bonding network of Zn-T(HO2CP)P on HOPG. (a) STM im
heet in the bulk crystal. Reproduced with permission from Ref. [44].
ich has a diacetylene moiety in the middle. (a) H2-T(C15DAP)P. Face-on arrangement.
. Reproduced with permission from Ref. [33].

T(CnOP)P. Carboxyl moieties are arranged in the same motif of the
cyclic hydrogen-bonded tetramer found for T(HO2CP)P.

The array of H2-(HO2CP)(C18OP)3P is shown in Fig. 5b. The
rows constituting the lamellar arrangement exhibits kinks. The
kink may be attributed to the complementary hydrogen bond
between the carboxyl groups from the adjacent molecules across
the kink. This view is supported by the center-to-center distance

of 2.5 nm between the pair of H2-(HO2CP)(C18OP)3P molecules
across the kink, which agrees with the corresponding distance
across the hydrogen-bonded carboxyl porphyrins in the bulk crys-
tal structure [43]. The formation of the kinks reduces the surface
density of molecules. This, in turn, results in the reduction in

age. (b) Molecular arrangement. The packing is denser than in the two-dimensional
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ig. 5. STM images for cis-H2-(HO2CP)2(C18OP)2P (a) and H2-(HO2CP)(C18OP)3P (b)
rom Ref. [45].

olecule–substrate and molecule–molecule interactions. The loss
ust be outweighed by the gain obtained by the hydrogen bond

ormation. In some places kinks appear every other molecule (pat-
ern A in Fig. 5b) but in other places more than two molecules are
ligned linearly (pattern B). In the region of pattern B, packing forces
pparently dominates over hydrogen bonding interactions. Thus, in
he case of this particular molecule, it is inferred that packing forces
nd hydrogen bonding forces are in a subtle balance.

There seem to be few examples of well-ordered surface assem-
lies whose structure is controlled with coordination interactions,
hich have been characterized by means of STM with a molecular

esolution.
Planar and square nonameric assemblies of porphyrins have

een realized in solution using the pyridyl–palladium coordina-
ion interaction (Fig. 6) [46–48]. The supramolecular structure is
rogrammed into the structure of component molecules. Note
hat three different porphyrins spontaneously come together to be
laced in specific positions, i.e., the center, the side, and the corner,
f the resulting assembly, depending on the arrangements of the
yridyl groups. This nonamer was deposited onto various substrate
urfaces, including glass, mica, and Au(1 1 1). The morphology of
he resulting layer of the supramolecular species was character-
zed mainly with AFM. An isolated nonamer deposited on Au(1 1 1)

as observed with STM, revealing its square shape.
Phenanthroline-strapped porphyrins bearing imidazole arms

nd alkyl chains, Zn-P-Im-strap, form dimers upon zinc(II) com-

lexation in solution via mutual imidazole–zinc coordination [49].
n HOPG, the dimers transform into wire-like coordination poly-
ers to maximize interactions between the alkyl chains and the
OPG surface as shown in Fig. 7. The morphology of the resulting
ssembly was characterized with AFM.
mages: 50 nm × 50 nm; right images: 10 nm × 10 nm. Reproduced with permission

2.4. Assemblies of elaborate porphyrin derivatives on HOPG

Whereas two-dimensional assemblies of double- and triple-
decker phthalocyanine derivatives have been extensively inves-
tigated, relatively a small number of studies on porphyrin
counterparts have been reported. The surface assemblies were
investigated for three double-decker complexes commonly hav-
ing a T(C22OP)P ring: (Pc)Ce(T(C22OP)P), (T(C22OP)P)Ce(T(C22OP)P),
and (B(PEP)P)Ce(T(C22OP)P) [50]. All of these molecules respec-
tively assemble into the lamellar arrangement at the 1-
phenyloctane/HOPG interface with lattice parameters identical to
that of T(C22OP)P. This indicates that these double-decker com-
plexes form the adlayers with the T(C22OP)P face adsorbed. The STM
images for individual molecules reflect the shape of the upper ring.
Thus, molecules of (Pc)Ce(T(C22OP)P), (T(C22OP)P)Ce(T(C22OP)P),
and (B(PEP)P)Ce(T(C22OP)P) appear as circular, square, and ellip-
tic (Fig. 8a). As the lattice parameters are identical, H2-T(C22OP)P
and (B(PEP)P)Ce(T(C22OP)P) form mixed assemblies. Molecules
of (B(PEP)P)Ce(T(C22OP)P) appeared elliptic when placed within
their own row, while they appeared isotropic when flanked by
H2-T(C22OP)P molecules as shown in Fig. 8b. Within a row of
(B(PEP)P)Ce(T(C22OP)P) molecules, the upper ring, B(PEP)P, must
orient perpendicular to the row because there is no room for the
upper ring to take parallel orientation, which would overlap the
upper rings of the adjacent double-decker molecules. The elliptic

features perpendicular to the molecular rows in the STM images are
consistent with this view. However, for a (B(PEP)P)Ce(T(C22OP)P)
molecule flanked by H2-T(C22OP)P molecules, the upper ring can
adopt the parallel orientation, in which the phenylethynyl groups
lie above the neighboring H2-T(C22OP)P molecules. Thus, the
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Fig. 6. Self-assembled nona

bserved isotropic shape in the STM images suggests that the upper
ing is rotating faster than the STM time scale (it takes several
econds to complete the imaging for one molecule). Temperature
aried 1H NMR spectra for (B(PEP)P)Ce(T(C22OP)P) showed that the
nter-ring orientation change, i.e., a 90◦-flip, occurs with a rate of
a. 3 s−1 in a solution phase at room temperature.

The structures formed from the three double-decker complexes
aving a naphthalocyanine ring as a common component were

xamined at the 1-phenyloctane/HOPG interface [51]. All these
olecules form well-ordered arrays on HOPG with the naph-

halocyanine ligands adsorbed onto the graphite surface. Hence
he lattice parameters for these molecules are identical, which

akes it possible to prepare ordered arrays from mixtures of
porphyrin square [46–48].

these molecules. However, in the mixed array of (OEP)Lu(Nc) and
(T(BP)P)Lu(Nc), these two molecules clearly segregated into bands
forming striped patters along the [100] direction of the basal plane
of graphite. Therefore, it is concluded that the upper rings have a
subtle influence on the assembly structure even though the lattice
constants are determined by the lower, adsorbed rings.
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Porphyrin hexamer, M-P6, assembles into either face-on or
dge-on adlayers at the 1-phenyloctane/HOPG interface [52]. Upon
ropping a solution of H2-P6 on the surface of HOPG, kinetically

avored face-on oriented structures form. These structures are,
ver a few hours, replaced by thermodynamically more favorable
dge-on oriented columnar assemblies. For Zn-P6, only the edge-
n columnar assemblies are observed. The columnar assembly is
avored because of �� stacking interactions between the porphyrin

acrocycles in the hexamer. It is well known that amines and
yridine derivatives axially coordinate to a zinc–porphyrin. The
olumnar structure of the assembly of Zn-P6 is retained upon addi-
ion of diaza[2.2.2]bicyclooctane (DABCO). This is because the axial
igands are nicely accommodated between two zinc–porphyrin

acrocycles of neighboring molecules, as shown in Fig. 9a. The ��
tacking interactions between the two molecules mutually face-
o-face oriented remain even with DABCO in between. However,
ddition of 4,4′-bipyridine, which is too long to be accommodated
etween the ��-stacked molecules, disrupts the �� stacking inter-
ctions. As a result, a face-on oriented arrangement, which is not
bserved for Zn-P6 alone without 4,4′-bipyridine, is observed as
hown in Fig. 9b. Thus, the structure of molecular assembly changes
ramatically by the presence of an additional chemical species.

An even larger porphyrin dodecamer, M-P12, was synthesized
nd its surface assembly was investigated [53,54]. Spectroscopic
nd computational studies indicate that M-P12, has a yo-yo-shaped
tructure. Whereas H2-P12, forms a columnar assembly with an
dge-on orientation on the surface of HOPG, Zn-P12 does not form

ny stable assembly. Upon addition of DABCO, however, huge well-
rdered domains of Zn-P12 molecules were observed, implying that
ABCO stabilizes the surface assembly by working as a glue to
ridge the neighboring dodecameric molecules. Zn-P12 forms an
rdered array even in the presence of 4,4′-bipyridine as shown
in Fig. 9c, unlike the case of Zn-P6. The 4,4′-bipyridine molecules
bridge the Zn-P12 molecules via zinc–pyridine coordination, defin-
ing the intermolecular distance in the surface array.
Fig. 7. Zn-P-Im-strap and its array via coordination interactions [49].
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ig. 8. STM images for double-decker complexes at the 1-phenyloctane/HOP
B(PEP)P)Ce(T(C22OP)P) and H2-T(C22OP)P. Note that spots are elliptic in rows consist
anked by the free-base porphyrin molecules are more or less isotropic (arrows). R

A covalent cyclic porphyrin box accommodating a tetrapyridyl
orphyrin molecule via axial coordination, Zn-P4·H2-TPyP, assem-
les into highly ordered arrays on HOPG [55]. In this supramolecule,
he accommodated H2-TPyP worked as a template in the synthesis
f the tetrameric box-like structure of Zn-P4. The STM image
ndicates that the zinc porphyrins on the periphery of the box
re oriented edge-on with respect to the surface, leaving the
ree-base porphyrin inside the box parallel to the surface. This
opology maximized the number of stabilizing �� interactions
etween neighboring zinc porphyrins in the two-dimensional
rray.
terface. 50 nm × 50 nm. (a) (B(PEP)P)Ce(T(C22OP)P). (b) A mixed assembly of
the double-decker complexes (bracket), those for isolated double-decker complexes
uced with permission from Ref. [50].

2.5. Axial ligands on two-dimensional porphyrin assemblies on
HOPG

Metal porphyrins can accommodate additional ligands axially
coordinating to the central metal ions [56]. We have already seen
several examples of axial coordination in supramolecular assem-
blies in previous sections. The ability to form ordered arrays on
surfaces combined with the ability to accommodate an axial ligand
makes porphyrins potential candidates for “a pedestal” on which
functional moieties form ordered arrays. Functional molecules
designed to have pyridine-like moieties for their immobilization
on the metal porphyrins may be used. The surface arrangement
can be designed by using suitably modified porphyrins for surface
patterning. Thus, the properties of the functional moiety and the
surface arrangement are independently designed in this modular
approach.

Unlike the axial coordination of a pyridine derivative to a
Zn–porphyrin, the coordination to Rh–porphyrin is much stronger.
The bond between the pyridine and the rhodium ion is so strong
that the coordinated species can be purified through a silica gel col-
umn. Thus, Rh–porphyrins are more suited to construct more stable
surface assemblies. However, the preference of the rhodium ion

toward six coordination prevents the formation of a desired five-
coordinated species. The sixth ligand may hinder stable adsorption
to the surface. In fact, RhCl-T(C18O)P)P·Py does not form a stable
monolayer on HOPG, because the chlorine atom protrudes out
to prevent the phenyl groups from adsorbing on the surface in
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ig. 9. Surface assemblies of the zinc–porphyrin hexamer [52] and dodecamer [53
isrupts the �� stacking, resulting in a face-on arrangement of Zn-P6. (c) Edge-on a

n optimal fashion [57]. It was estimated that the adsorption
ree-energy for RhCl-T(C18OP)P·Py is 5.1 kJ mol−1 less than that of

2-T(C18OP)P. Preparation of an ordered array was made possible
ither by mixing with the free-base porphyrin molecules with
he same hydrocarbon chain length or using Rh-porphyrin with
onger hydrocarbon chains, e.g., RhCl-T(C30OP)P·Py. Fig. 10 shows
he assembly of a mixture of RhCl-T(C18OP)P complexed with 4-
henylazopyridine and H2-T(C18OP)P at the 1-phenyloctane/HOPG

nterface. The brighter spots with the higher profile corresponds
o RhCl-T(C18OP)P·(4-phenylazopyridine) molecules.
Labile axial coordination to Zn-porphyrins was probed with
TM at the 1-phenyloctane/HOPG interface [58]. The spots in
TM images for the complex, Zn-T(C18OPP)·(4-phenylazopyridine),
(a) Edge-on columnar assembly of Zn-P6 incorporating DABCO. (b) 4,4′-Bipyridine
bly of Zn-P12 bridged by 4,4′-bipyridine.

appeared distinctly higher than H2-T(C18OP)P as shown in Fig. 11 or
ligand-free Zn-T(C18OP)P. Interestingly, the complexes with trans-
4-phenylazopyridine appear higher than those with a mixture of
trans/cis-4-phenylazopyridine. We can deduce two things from this
observation. One is that STM can distinguish trans and cis configu-
rations of a molecule that is “standing” on the surface. The second
is that the association/dissociation rates for the axial coordination
are faster than the STM time scale so that a kind of average height
is recorded for the tans/cis mixture, instead of two distinct heights.

Similar systems using Zn-TC12P, in which alkyl groups are
directly attached to the meso position of the porphyrin macrocycle,
in place of Zn-T(CnOP)P were investigated for axial coordination
[59]. Ordered arrays of Zn-TC12P are obtained on the surface of
HOPG, as described earlier. On addition of 3-nitropyridine as an
axial ligand, some spots appear higher than the rest of porphyrin
molecules. The higher and the lower spots were assigned to the
ligated and ligand-free porphyrin molecules, respectively. This is
rather surprising because this means that the rate of associa-
tion/dissociation of 3-nitropyridine and Zn-TC12P is slower than
the time scale of STM, which is in contrast to the case for Zn-

T(CnOP)P described above. Another interesting observation for this
system is that the binding between the axial ligand and the Zn-
porphyrin is much enhanced than that in solution. These two results
are most likely due to the direct adsorption of the porphyrin plane
to the surface of HOPG. Conformational and electronic changes are
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ig. 10. STM for a mixed array of RhCl-T(C18OP)P·(4-phenylazopyridine) and H2-T(C
rofile.
rought about by strong interactions of the porphyrin macrocy-
le with the HOPG surface. Thus, the surface adsorption may have
ramatic consequences on the kinetics and thermodynamics of the
xial coordination.

ig. 11. STM for Zn-T(C18OP)P·(4-phenylazopyridine) (higher spots) and H2-
(C18OP)P (lower spots) at the 1-phenyloctane/HOPG interface. Reproduced with
ermission from Ref. [58].
P at the 1-phenyloctane/HOPG interface. (a) STM image, 10 nm × 10 nm. (b) Height

2.6. STM with chemically modified tips

Specific interactions, such as hydrogen bonding, coordination
and charge transfer interactions, may enhance the tunnel current.
This enhancement was demonstrated using chemically modified
tips (Fig. 12). While Zn-, Ni-, and free-base porphyrins cannot
be discriminated using Au tips, Zn-porphyrin appears brightest
with 4-mercaptopyridine modified tips [60]. The specificity for
the Zn-porphyrin was attributed to the pyridine–zinc coordina-

tion interactions. Zn-porphyrin is also discriminated from free-base
porphyrin with a C60-modified tip [61]. It is proposed that the
charge transfer interactions, in which a negative charge is trans-
ferred from the Zn-porphyrin molecules adsorbed on the surface
to the C60 moiety on the tip, are responsible for the discrimi-
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ig. 12. STM with chemically modified STM tips. (a) Chemical structures [60,61]. (b
nto HOPG. (Left) Free-base and Zn-porphyrins are not distinguishable with an un
eproduced from Ref. [61]. Copyright (2005) National Academy of Sciences, U.S.A.

ating ability. The HOMO level of the Zn-porphyrin (−5.4 eV) is
igher than that of the free-base porphyrin (−5.7 eV) and hence
he charge transfer to the LUMO of the C60 (−4.1 eV) from the Zn-
orphyrin is more facile at low bias potentials. Interestingly, the

–V curve obtained on a porphyrin molecule with the C60-modified
ip showed a rectifying behavior. More electrons flow in the direc-
ion from the porphyrin on the substrate to the C60 on the tip, in
ccordance with the direction of the charge transfer interaction.

. Porphyrin assemblies at metal/electrolyte interfaces:
C-STM studies

.1. Single component assemblies at metal/electrolyte interfaces

The interface of a substrate and an electrolyte solution is
n attractive target for STM studies because the interface has a
elevance to various electrochemical reactions. Furthermore, in EC-
TM, the substrate potential can be controlled independently from
he tip–substrate bias voltage. This gives an additional parameter
hat can be used to control not only the surface redox state but also
he structure of the assembly.

Only disordered adlayers of water-soluble H2-T(MPy)P tetraca-
ion are formed on the Au(1 1 1) surface because the mobility of the

olecules is too low to rearrange themselves into any ordered array
62]. Well-ordered arrays of this and other molecules form on an
odine-modified Au(1 1 1) surface (I–Au(1 1 1)) [62,63], I–Ag(1 1 1)
64], I–Pt(1 0 0) [65], as well as on sulfur-modified Au(1 1 1)
S–Au(1 1 1)) [66], which were successfully observed at submolec-
lar resolutions in electrolyte solutions with EC-STM. The iodine
r sulfur adlayer lowers the interactions of the molecules with the
ubstrate, allowing them to diffuse on the surface until being incor-
orated in an ordered array. The iodine-modified Au(1 1 1) surface,

.e., an iodine monolayer adsorbed on the Au(1 1 1) surface, was
repared by immersing the Au(1 1 1) substrate into a KI solution for
few minutes followed by thorough rinsing. The sulfur-modified
u(1 1 1) surface was likewise prepared by immersing the substrate

nto a Na2S solution under a constant potential condition.
Alternative method for modulating the diffusivity of molecules

n surfaces can be achieved through the adjustment of the substrate
otential in the EC-STM. STM studies for the self-assembly of H2-
PyP revealed that at positive potentials >0.5 V vs. SCE, disordered
olecules are immobile on the surface [67]. However, at negative

otentials <−0.2 V vs. SCE, the molecules are highly mobile. At inter-

ediate potentials −0.2 to +0.2 V vs. SCE, the molecules formed a

ighly ordered adlayer. The series of experiments demonstrated
hat the two-dimensional diffusion barrier is important for the for-

ation of ordered adlayer and that the diffusion barrier can be
odulated by changing the substrate potential in the EC-STM.
images of mixed monolayers of free-base porphyrin and Zn-porphyrin physisorbed
ed gold tip. (Right) Zn-porphyrins are observed brighter with a C60-modified tip.

Monolayers of water-insoluble porphyrins and phthalocyanines
were prepared by immersing a substrate into a benzene solution
of the molecule of interest. While porphyrin molecules, Co-TPP
[68], Cu-TPP [68], and Co-OEP [69], induce the reconstruction
of the Au(1 1 1) to the (

√
3 × 22) phase upon adsorption, form-

ing well-ordered adlayers, cobalt(II) porphine (Co-P) [69] without
any substituents on the porphyrin macrocycle forms well-ordered
arrays on the Au(1 1 1) surface but without inducing the reconstruc-
tion. Adsorption-induced reconstruction or lifting of reconstruction
depending on the molecule are also observed for the Au(1 0 0) sur-
face. Cu-TPP and Co-TPP induce the reconstruction to the Au(1 0 0)-
(hex), while Co-Pc causes the lifting of the reconstruction [70].

Surface assemblies and O2 adduct formation of a cobalt(II)
“picket-fence” porphyrin, Co-T(pivP)P, were investigated on
Au(1 1 1) and Au(1 0 0) in 0.1 M HClO4 solutions [71]. The molecules
adsorb on the surfaces with the pivalamide (ButCONH–) group
pointing away from the surface. The molecules form well-ordered
arrays both on Au(1 1 1) and Au(1 0 0)-(hex) surfaces. There is a
preferred orientation for the growth of the ordered domain, result-
ing in the formation of belt-like long domains tens of nanometers
wide. Under an O2 atmosphere, O2 adduct formation is observed
as bright spots on the porphyrin on the Au(1 0 0)-(hex) surface.
The adduct formation, however, is not observed on the Au(1 1 1)
surface. These observations suggest that the arrangement of Au
atoms underlying the molecule has a decisive influence on the
coordination of O2 to the cobalt atom.
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Fig. 13. Assemblies of porphyrins with carboxylic acid groups. (a and b) Co-

Directional intermolecular interactions have been utilized
o prepare tailor-made surface patterns at metal/electrolyte

nterfaces. Porphyrins with carboxylic acid functionalities were
nvestigated for this purpose. Thus, the porphyrin with one car-
oxyl group on a meso-phenyl group, Co-(HO2CP)P3P, assembles

nto a dimer, which then form well-ordered arrays to fill the sur-
ace as shown in Fig. 13a [72]. The porphyrin with four carboxyl
P)P3P. (c and d) Co-T(HO2CP)P. Reproduced with permission from Ref. [72].

groups on the meso-phenyl groups, Co-T(HO2CP)P, assembles into
an infinitely extending grid-like structure with large cavities as

shown in Fig. 13b. In both cases, the assembly formation is directed
by the complementary hydrogen bonding of a pair of carboxylic
acid moieties. Order–disorder transitions can be induced for these
assemblies by modulating substrate potential under the electro-
chemical environment.
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Fig. 14. Cyclic voltammograms of (a) bare Au(1 1 1) (dotted line) and C60Fc-adsorbed
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Adlayer structures of triple-decker complex, (TPP)Eu(Pc-
5C5)Eu(Pc-15C5), were investigated on the Au(1 1 1) surface at
he electrochemical interface [73]. The triple-decker complexes
ere deposited from a benzene solution. Well-ordered domains

ormed under appropriate preparation conditions, in which two
ypes of features are arranged in a chessboard pattern. The two
ypes of features were assigned as complexes oriented with the
PP ligand upward and the Pc-15C5 ligand upward. The orienta-
ion can be controlled by modulating the substrate potential. The
dlayer shows partly reversible redox couple around 0.2 V vs. RHE
n 0.05 M HClO4. The analysis of the STM images suggested that
he molecules with a topmost TPP ligand are reversed at potentials
ess than this redox couple, where the molecule is one-electron
xidized.

.2. Multicomponent assemblies at metal/electrolyte interfaces

Studies of multicomponent surface assemblies should lay
he foundation for the development of increasingly complex
rchitectures. Specific intermolecular interaction sites must be
ncorporated into the structures of component molecules to
btain well-defined heterotopic assemblies. Analysis of result-
ng supramolecular structures and dynamics may help to obtain
nsight into intermolecular interactions that play a role at the two-
imensional surfaces.

A binary mixture of Co-Pc and Cu-TPP on Au(1 1 1) in 0.1 M
ClO4 gives several domains [74]. A part of the surface is covered
y well-ordered arrays of Cu-TPP, while the other part is cov-
red by disordered Co-Pc and Cu-TPP molecules. On the contrary,
ighly ordered alternate rows of Co-Pc and Cu-TPP are observed on
u(1 0 0).

Zn-OEP and Zn-Pc also form assemblies on the Au(1 1 1) sur-
ace with domains in which the arrangements are different [75].

major pattern is a “chessboard” consisting of Zn-Pc and Zn-OEP
squares”. Another pattern consists of alternate rows of Zn-Pc and
n-OEP, with each of the rows being straight or zigzag, depending
n the location on the substrate and applied substrate potential.
his binary mixture also forms ordered arrays on the Au(1 0 0)-
hex) surface, which consist of separate rows of Zn-OEP and Zn-Pc

olecules. The combination of Zn-TPP and Zn-OEP produces a
anohexagonal pattern on the Au(1 1 1) surface, in which Zn-
EP molecules, each surrounded by eight Zn-TPP molecules, are

rranged in a hexagonal lattice.

The substrate potential provides a means to control the struc-
ure of the surface two-dimensional arrays. For mixtures of
u-OEP and Co-Pc on Au(1 1 1), supramolecular structures trans-

orm depending on the substrate potential [76].
Au(1 1 1) (red solid line) and (b) Zn-OEP adsorbed (dotted line) and Zn-OEP·C60Fc-
adsorbed (red solid line) Au(1 1 1) electrodes in 0.1 M HClO4. Reproduced with
permission from Ref. [78].

A superstructure of 1:1 complexes of Zn-OEP and C60 was pre-
pared on the Au(1 1 1) surface [77]. The Zn-OEP molecules adsorb
to the Au(1 1 1) surface to form close-packed arrays with an inter-
molecular distances of 1.40 and 1.65 nm. C60 molecules alone also
adsorb on the Au(1 1 1) surface, affording a close-packed hexago-
nal structure with the center-to-center intermolecular distance of
1.0 nm. When a Au(1 1 1) substrate was successively immersed into
a benzene solution of Zn-OEP and a benzene solution of C60, STM
data acquired in an electrolyte solution revealed that the array of
C60 exhibits the identical lattice structure with that of Zn-OEP. This
observation indicates that the C60 molecule is placed on top of each
of the Zn-OEP molecules, forming supramolecule, Zn-OEP·C60.

A ferrocene derivative of C60, C60Fc, directly attached to the
Au(1 1 1) surface showed only poorly defined electrochemical
redox response. However, a clear electrochemical redox reaction
of the ferrocene group in the C60Fc molecule was observed at
0.78 V vs. RHE on Zn-OEP, Co-OEP, and Cu-OEP adlayers as shown
in Fig. 14 [78]. The well-defined redox wave is attributed to the
well-defined orientation of the C60Fc molecules bound to the M-
OEP molecules. This is a good example of supramolecular species

giving a better-defined structure and function therefrom than the
component molecules. Whereas the Zn, Co, Cu complexes of OEP
give identical results, FeCl-OEP does not give a well-defined struc-
ture nor a well-defined redox reaction. Apparently, the chloride
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ig. 15. In the EC-STM, the substrate potential can be controlled independently from
f the adsorbed molecule and off-resonant from the molecular orbital levels. (Right
he molecule. The electric current can now flow via a “resonant tunneling” process.

on coordinated to the central Fe ion prevents the supramolecular
omplex formation between the porphyrin and the C60Fc molecule.

C60 molecules are also immobilized on the chessboard arrange-
ent of Zn-OEP and Zn-Pc on Au(1 1 1). At low coverage, the C60
olecules are located in the gaps surrounded by Zn-OEP and Zn-

c molecules [75]. It is implied that an increased charge density of
he gap sites of the gold surface due to the adsorption of Zn-OEP
nd Zn-Pc molecules drives the adsorption of C60 on the sites. This
dsorption site is different from that for the pure Zn-OEP arrays, in
hich case C60 adsorbs right on top of the porphyrin molecule. With

ncreasing coverage, the C60 molecules are deposited on the Zn-Pc
olecules with centers somewhat offset. No ordered assembly of

60 molecules was observed on the mixed arrays of Zn-OEP and Zn-
c on the Au(1 0 0)-(hex) surface. The assembly of C60 molecules is
trongly influenced by the bimolecular packing arrangement of Zn-
EP and Zn-Pc, which depends on the crystallographic orientation
f the substrate.

.3. Electronic processes in EC-STM

In the EC-STM, the substrate potential can be controlled with
espect to molecular redox potentials independent of the bias
otential (Fig. 15). Thus, the redox state of the adsorbed molecule
an be controlled with the substrate potential, while the imaging
s performed with independently adjustable bias potentials with
espect to the tip potential.

An early demonstration of resonant tunneling was reported for a
ixed array of iron(III) protoporphyrin IX and free-base protopor-

hyrin IX. With the substrate potential at −0.4 V vs. SCE, where the

UMO of ion(III) protoporphyrin IX is in resonance but that of the
ree-base counterpart is not, the ion(III) protoporphyrin IX appears

uch higher than the free-base counterpart [79].
Electron transfer reactions at the electrode–electrolyte inter-

ace have been studied at the molecular level by EC-STM [80].

able 1
rrangements and conformations of T(DBP)Ps.

Porphyrin Surface Arrangemen

Co-T(DBP)P Ag(1 1 1) Square
Ag(1 1 1) Hexagonal
Ag(1 1 1) Hexagonal
Ag(1 1 1) Herringbone

Zn-T(DBP)P Ag(1 0 0)
Pt-T(DBP)P Cu(1 0 0) Square

Cu-T(DBP)P Cu(1 0 0)
Cu(1 0 0) Square
Au(1 1 0) Rectangular
Ag(1 1 0) Rectangular
Cu(1 1 1) Herringbone
Cu(2 1 1)

H2-T(DBP)P Au(1 1 1) Hexagonal
Au(1 1 1) Hexagonal
ias potential. (Left) The substrate potential is in the middle of the HOMO and LUMO
substrate potential is negatively shifted so that it is on-resonant with the LUMO of
that the bias voltages are common to both cases.

A well-ordered two-dimensional monolayer assembly of H2-TPyP
was prepared on the Au(1 1 1)/0.1 M H2SO4 interface. The substrate
with the monolayer was initially held at −0.1 V vs. SCE, where
all the H2-TPyP molecules were reduced. A short (0.1–1 s) pulse
of the oxidation potential (0.2–0.3 V vs. SCE) was applied to the
sample during STM imaging. STM can distinguish oxidized por-
phyrin molecules, which appear darker, from reduced porphyrin
molecules. Hence the redox reaction can be monitored for each
molecule. Observation of individual molecules revealed that the
oxidation occurs not randomly but patchwise under certain con-
ditions. Interestingly enough, the locations of individual oxidized
H2-TPyP molecules change within the ordered array, which is
indicative of hole hopping diffusion in the two-dimensional assem-
bly.

4. Porphyrin assemblies on metal surfaces: UHV-STM
studies

4.1. Conformations of porphyrins adsorbed on metal surfaces

Molecular adlayers on a metal substrate may form upon subli-
mation of the molecules under UHV conditions. Probably the best
characterized porphyrin molecule with UHV-STM is M-T(DBP)Ps
(Table 1). In general, the conformation of adsorbed molecules on
surfaces is important because it determines the properties of the
molecules as well as electronic interactions between the molecule
and the substrate. Particularly for metalloporphyrins such as M-
T(DBP)P, the distance between the central metal ion and the

substrate surface is critically dependent on the twist angle of the
phenyl groups and the distortion of the porphyrin macrocycle.
Thus, the interactions and electronic coupling of the metal in the
macrocycle and the surface is determined by the molecular confor-
mation.

t � � Refs.

90◦ 25◦ [81]
60◦ 45◦ [81]
45◦ 15◦ [81]
20◦ 5◦ [81]

90◦ [82]
[83]

67◦–83◦ [84]
90◦ [85]
45◦ [85]
30◦ [85]

[86]
10◦ , 55◦ [87]

[88]
20◦ [89]
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Fig. 16. Conformational variations of M-T(DBP)P molecules on s

The major factor for the conformational variation is the rotation
f the four single bonds between the meso-carbons and phenyl-
arbons defined by dihedral (twist) angle �. For molecules in
acuum or in solution, this angle is determined as a compromise
etween planarization for maximum delocalization of the � elec-
ronic system and steric repulsion of the phenyl groups and the
orphyrin periphery. For molecules adsorbed on a surface, interac-
ion with the surface comes into play. For small � values, distortion
f the porphyrin macrocycle is induced by steric repulsion as shown
n Fig. 16. Additional distortion is due to the tilt of the phenyl
roups with respected to the porphyrin macrocycle as represented
y �.

Submolecular resolution of STM images makes it possible to
istinguish these subtle conformational variations. For a rough esti-
ation of the twist and tile angles, an assumption is made that the

opmost t-butyl groups appear highest in the STM image. This is
reasonable assumption considering that the STM samples spa-

ial distribution of electron densities. Thus, depending on the twist
ngles, the arrangement of the four brightest spots varies from a
quare to a rectangle as shown in Fig. 17. For molecules with small
wist angles, a dark line appears through the center of the porphyrin
n parallel with the longer sides of the rectangle. This orientation of
he dark line is consistent with assumed molecular conformation
s the orientation agrees with the depressed pyrrole rings caused
y the steric hindrance by the phenyl rings.

The conformations of Cu-T(DBP)P were characterized on single-
rystal metal surfaces including Cu(1 0 0), Au(1 1 0), and Ag(1 1 0)
85]. Four dots arranged in a square were observed for the
olecules on the Cu(1 0 0) surface. Hence, the dihedral angle of 90◦

as estimated. On Au(1 1 0), the dihedral angle of 65◦ in a mobile
recursor state changes into that of 45◦ after extended annealing
ccompanying the formation of a well-ordered assembly.

ig. 17. Correspondence of STM images to the molecular conformation of M-
(DBP)P. Encircled t-butyl groups appear as the highest spots in the STM topography.
square arrangement is observed for the dihedral angel � = 90◦ , which becomes

ectangular as the angle is decreased.
es [81]. � and � represent the twist and tilt angles, respectively.

For Co-T(DBP)P sublimed on the Ag(1 1 1) surface, four differ-
ent molecular arrangement were found [81]. Upon sublimation
to a coverage less than one monolayer, three distinguishable
molecular arrangement were found: one square and two differ-
ent hexagonal arrangements. On the other hand, deposition of a
multilayer followed by annealing to desorb the excess molecules
lead to a herringbone arrangement. The conformations of the
3,5-di-t-butylphenyl groups with respect to the porphyrin plane
are associated to specific arrangements. In addition to the twist
angles, the tilt angles, as shown in Fig. 16, have also been
analyzed.

For the free-base counterpart, H2-T(DBP)P, adsorbed on
Au(1 1 1), a distorted conformation was revealed with STM [89].
Comparison with a molecular model showed that the twist angle
at 20◦ is consistent with the STM studies.

A prototype of molecular switch is proposed on the basis of
conformational manipulation. The twist angle in Cu-T(DBP)P on
Cu(2 1 1) can take values of either 10◦ or 55◦ [87]. The phenyl group
is virtually flat in the former case while it is rotated out of the plane
in the latter case. As the tunneling resistance is larger in the former
than in the latter, these two states can be regarded as an off state and
an on state, respectively. The on state and the off state are reversibly
controlled by manipulation with the STM tip. Lateral manipula-
tion of the porphyrin molecule induces a rotation of the legs out
and/or in the porphyrin plane. Vertical manipulation reorients the
leg from the rotated to the flat conformation. In a demonstration
of the switching behavior, the porphyrin molecule was initially in
the on state and the tip was placed at a distance (Fig. 18). A cur-
rent of ∼3 × 10−9 A was recorded. As the tip was brought closer
to the sample, the current increases to reach a plateau, where the
phenyl ring was in transition from the rotated to the flat orienta-
tion. Then an abrupt increase in current followed by a plateau was

observed, where the flat orientation, i.e., the off state, was reached.
The molecule was in the off state throughout the retracting pro-
cess. At the time the tip returned to the original position, a current
of 1 × 10−9 A was recorded. It means that a bistability was real-
ized. The energy required to operate this switch was determined

Fig. 18. Schematic illustration of a single molecule switch by means of the manip-
ulation of the Cu-T(DBP)P conformation with an STM tip [87].
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ig. 19. Voltage-dependent images of H2-TPyP on Ag(1 1 1). STM images with Vsa

eighbor intermolecular distance is 1.39 nm. A constant electron density contour
ith permission from Ref. [91].

s less than 100 × 10−21 J with atomic force microscopy [90]. It was
ointed out that this energy is 4 orders of magnitude lower than
tate-of-the-art transistors.

The STM gives different images for H2-TPyP on Ag(1 1 1) depend-
ng on the bias voltage [91]. At negative sample bias voltages, the
nvelope of the molecule appeared as a rectangle (Fig. 19a), while at
ositive sample bias voltages, molecular shape is close to a square
Fig. 19b). These bias dependent images are consistent with calcu-
ated molecular orbitals. A constant electron density contours were

ade by integrating over relevant molecular orbitals. The contours
ere obtained as a function of the twist angle of the phenyl groups
ith respect to the porphyrin mean plane. The analysis indicated

hat the twist angle around 60◦ best explains the observed shape
f the STM images.

A constant electron density contour made by integrating over
he HOMO to HOMO−6 is shown in Fig. 19c. There is some inten-
ity in the core and the legs have roughly the same apparent height
rranged in a rectangle. Likewise, the electron density contour
ade by integrating over the LUMO to LUMO+4 is shown in Fig. 19d.
he obtained contour diagram shows four bright spots arranged in
square with a hole at the center. These calculated images are

uite consistent with the experimentally observed STM images,
upporting the estimated value for the twist angle.

ig. 20. Boundary region of two different surface assemblies of H2-T(DBHOP)P [92,93].
onformation with the tetrapyrrole/phenyl dihedral angle of 10–20◦ . Middle domain: buf
uasi-square phase where porphyrin molecules are in twisted conformation with the tetra
−0.9 V and I = 0.65 nA (a) and that with Vsample = 1.6 V, I = 0.65 nA (b). The nearest
ed by integration over occupied states (c) and unoccupied states (d). Reproduced

Both hexagonally packed domains and quasi-square packed
domains are possible for H2-T(DBHOP)P on Cu(1 1 1) (Fig. 20)
[92,93]. For the molecules in the hexagonal domain, the dihedral
angle between the porphyrin plane and the phenyl plane is esti-
mated to be 10–20◦, while for those in the quasi-square domains,
the dihedral angles are ∼45◦ in alternate senses. Interestingly, these
two phases can coexist in contact without any disorder. This is
made possible by the existence of molecules at the interface of these
domains, which take a mixed conformation. In the mixed confor-
mation, the dihedral angle is ∼45◦ on the side of the quasi-square
domain, while it is 10–20◦ on the side of the hexagonal domain.
Thus, the buffer layer made of a single molecular chain makes the
transition smooth between the two different arrangements.

Oxidation of H2-T(DBOHP)P into the quinoid type compound
has a dramatic influence on the conformation [94]. The meso-
phenyl groups are now almost coplanar with the macrocyclic least
squares plane. The planarization is a manifestation of the delocal-
ization of the � electronic system over the phenyl and porphyrin
moieties. Due to the severe steric repulsion between the pyrrole

� hydrogen atoms and the phenyl ortho hydrogen atoms, the pyr-
role rings are rotated away from the porphyrin plane by ±48◦ in an
alternating fashion. The planar phenyl groups is deposited paral-
lel to the surface when adsorbed. The oxidized H2-T(DBHOP)P-ox

Top domain: hexagonal phase where porphyrin molecules are in a relatively flat
fer layer where porphyrin molecules are in a mixed conformation. Bottom domain:
pyrrole/phenyl dihedral angle of ∼45◦ . Reproduced with permission from Ref. [92].
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Fig. 21. One of the hydrogen-bonded trimeric units of H2-T(DMHOP)P. (a)

olecules form only the hexagonal structure owing to the planarity
f the phenyl groups.

For H2-T(DBHOP)P, the t-butyl groups prevent the formation of
ydrogen bond between the hydroxyl groups. Replacing the t-butyl
roups by methyl groups make the hydrogen bonding possible.
hus, H2-T(DMHOP)P molecules form hydrogen-bonded patterns
ased on cyclic trimeric units at submonolayer coverages as shown

n Fig. 21 [95]. At monolayer coverage more densely packed pat-
erns form but with another type of hydrogen bonding network.

.2. Porphyrin assemblies governed by directional intermolecular
nteractions on metal surfaces
Introduction of sites for specific intermolecular interactions
akes it possible to fabricate patterns on surfaces by self-assembly.
n example has already been described in the previous section. An
xemplary demonstration of this general principle was provided
y the assembly structures of porphyrin molecules incorporating
age. (b) Molecular structure. Reproduced with permission from Ref. [95].

cyanophenyl groups in specific positions (Fig. 22) [96]. Formation
of weak hydrogen bonds CH. . .NC among benzonitrile molecules is
suggested from molecular orbital calculations. STM taken at 63 K for
the porphyrin molecules containing one cyanophenyl group, H2-
(NCP)(DBP)3P, adsorbed on Au(1 1 1) revealed that the molecules
assemble into trimers. The porphyrin molecules containing two
cyanophenyl groups at the cis positions, cis-H2-(NCP)2(DBP)2P,
assemble into tetrameric assemblies. The porphyrin molecules
containing two cyanophenyl groups at the trans positions, trans-
H2-(NCP)2(DBP)2P form linear arrays. The weak CH. . .NC hydrogen
bonds control the structures of the assembly.

Assemblies based on porphyrins bearing cyanophenyl groups
have been further elaborated by using different derivatives
including trans-Zn-(NCP)2(DROP)2P’s [97] and trans- and cis-
(NCPP)2(DBP)2P [98]. A study on the assemblies obtained from
cis-(NCPP)2(DBP)2P on Cu(1 1 1) are especially informative because
the comparison of the structures obtained from this molecule with
those obtained from cis-(NCP)2(DBP)2P on Au(1 1 1) has revealed an
important influence exerted by the substrate on the conformation
of the adsorbate and the structure of the assembly [98]. As described
just above, the molecules of cis-(NCP)2(DBP)2P exclusively form
tetramers on the Au(1 1 1) substrate [96]. In sharp contrast, every-
thing from dimeric to hexameric as well as chain-like structures
are formed from cis-(NCPP)2(DBP)2P on the Cu(1 1 1) surface. Two
major factors are suggested as the reasons behind the difference in
their behavior. Firstly, interactions involving cyanophenyl groups
(i.e., CH/N hydrogen bonding) are weak compared to, for example,

classic hydrogen bonds involving more acidic O–H or N–H hydrogen
bond donors, thus allowing more room for adaptation in the struc-
tural motif. Secondly, and more importantly, molecule–substrate
interactions are stronger with Cu(1 1 1) than with Au(1 1 1), thus
more than compensating unfavorable molecule–molecule interac-
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ig. 22. Surface patterns formed from porphyrins bearing cyanophenyl groups. Do
2-(NCP)(DBP)3P. (b) cis-H2-(NCP)2(DBP)2P. (c) trans-H2-(NCP)2(DBP)2P [96].
ions. The stronger interaction between the Cu(1 1 1) and adsorbed
orphyrin molecules is manifested by the orientation of the dark

ines appearing in the STM images of molecules, which represents
he distortion of the porphyrin plane, as discussed above. In the case
ines indicate hydrogen bonding as indicated by molecular orbital calculations. (a)
of the porphyrins on Au(1 1 1), the orientation of the dark lines are
determined solely by the intermolecular interactions, whereas in
the case of the porphyrins on Cu(1 1 1) the orientations of the dark
lines are always in agreement with the Cu(1 1 1) main axes.
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Supramolecular surface assemblies arising from M-T(DBP)P
erivatives bearing carboxyl groups on the Au(1 1 1) surface were
lso investigated [99]. The monocarboxylic acid derivative, H2-
HO2CP)(DBP)3P, is chiral on the surface due to a saddle-like
istortion induced by the adsorption. Upon adsorption of the
olecule, the twist angle between the porphyrin mean plane and

he phenyl plane reduces to ∼20◦ from 60 to 90◦ in the ground
tate conformation. This change in the twist angle causes steric
epulsion between the pyrrole � hydrogen atoms and the phenyl
rtho hydrogen atoms, leading to the chiral saddle-like distortion.
igh-resolution STM images can distinguish the chirality by the
ppearance of a dark line across the porphyrin core. The monocar-
oxylic acid derivative forms a dimer unit on the surface through
he formation of the optimal coplanar hydrogen bond between the
arboxylic acid groups. The STM revealed that the chirality of the
airwise porphyrins are related as shown in Fig. 23a, resulting in
n achiral assembly.

The relationship between the conformations or chirality of the
ydrogen-bonded dimer applies to extended wire-like structure
rising from the trans-dicarboxylic acid derivative, trans-H2-
HO2CP)2(DBP)2P. The orientation of the distortion alternates along
he one-dimensional molecular chain to maintain the coplanarity
etween the hydrogen-bonded carboxyphenyl groups (Fig. 23c).
he chains align side-by-side in the same direction to form bundles
ntil most of the surface is covered as the coverage is increased.
pon further deposition of the molecules to a substrate covered
y the monolayer of the bundle of chains, another layer of chains
row on the first layer chains along the same direction [100]. Layer-
y-layer deposition experiments showed that the supramolecular

ires are aligned with the underlying wires even in the fifth layer.

The cis-dicarboxylic acid derivative, cis-(HO2CP)2(DBP)2P, forms
tetrameric units at low surface coverages, again through the

ormation of the optimal coplanar carboxylic acid dimers. The con-
ormational analysis with high-resolution STM revealed that there
are two conformational isomers on the surface, depending on the
orientation of the distortion as shown in Fig. 23e. A tetrameric
unit contains only either one of the conformers. At higher cover-
ages, polymeric zigzag shaped one-dimensional chains form which
then assemble into a bundle of chains. The conformation-selective
association is maintained in the chains as well as in the bundles.

Just like hydrogen bonding, coordination interaction is a
directional interaction that may be exploited in constructing well-
defined supramolecular species on surfaces as well. Upon annealing
of the samples of cis-(NCPP)2(DBP)2P on Cu(1 1 1), for which the
formation of characteristic supramolecular patterns on sublima-
tion is described earlier, at temperatures above 150 ◦C, dimeric
macrocyclic structures are formed as schematically shown in Fig. 24
[98]. In this dimeric motif, it is proposed that the two porphyrins
are bridged by Cu atoms. A number of Cu adatoms are provided
from the step edges, which form coordination bonds with the
cyanophenyl groups, giving rise to the dimeric structure.

Porphyrin substituted with 4-(pyrid-4-yl)ethynylphenyl groups
in different numbers and in different positions were deposited
on Cu(1 1 1) [101]. While these porphyrins for themselves do not
feature an explicit structure directing group (without another
hydrogen bond donor or metal ion), they still form well-defined
supramolecular structures on deposition on the Cu(1 1 1) surface, in
which the pyridyl groups are always oriented in near head-on con-
figurations (Fig. 25). Coordination of the pyridyl groups to copper
atoms is invoked to rationalize these supramolecular structures.
Thus, the molecules of (PyCCP)(DBP)3P, which bear a pyridyl group,

form dumb-bell shaped dimers. In the case of cis-(PyCCP)2(DBP)2P,
triangular and rhombic architectures consisting of three and four
molecules are formed. Which of these assemblies dominate on
the surface depends on the coverage. The trimeric species domi-
nate at low coverage, while the tetrameric assemblies prevail at
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Fig. 23. Hydrogen-bonded assemblies and the conformations of porphyrins containing carboxyl groups on Au(1 1 1) [99,100]. (a and b) Dimer of H2-(HO2CP)(DBP)3P. (c and d)
Chain of trans-H2-(HO2CP)2(DBP)2P. (e and f) Tetrameric square from cis-H2-(HO2CP)2(DBP)2P. There are two conformational isomers with regard to distortion. Reproduced
with permission from Ref. [99].

h
a
f
a

igher coverages. At high coverages, even pentameric and hex-
meric assemblies occur. The molecules of trans-(PyCCP)2(DBP)2P
orm polymeric linear arrays as expected. Mixtures of the trans
nd cis molecules produce various parallelogram structures, the
corners and the sides being provided by cis-(PyCCP)2(DBP)2P and
trans-(PyCCP)2(DBP)2P, respectively. Selective formation of one of
these structures has not been achieved yet, as the assembly process
is statistical in nature.
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Fig. 24. Porphyrin dimer bridged by Cu atoms [98].

Fig. 25. Supramolecular architectures from porphyrins containing cyanophenyl groups on Cu(1 1 1). (a) (PyCCP)(DBP)3P. (b) cis-(PyCCP)2(DBP)2P. (c) trans-(PyCCP)2(DBP)2P.
(d) Mixture of cis- and trans-(PyCCP)2(DBP)2P. Reproduced with permission from Ref. [101].

Fig. 26. Kagome lattice from H2-TPyP on Au(1 1 1). STM image: 25 nm × 20 nm. Reproduced with permission from Ref. [102].
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Sublimation of H2-TPyP on the Au(1 1 1) surface lead to a porous
etwork with a kagome lattice motif, which is a geometric arrange-
ent consisting of interconnected triangles and hexagons [102].
model involving Au atom coordination has been proposed to

ccount for the network formation as shown in Fig. 26. The STM
bservation indicated that the lifting of Au(1 1 1) reconstruction
ccurs under the network. It is speculated that the excess Au atoms
ccompanying the lifting of reconstruction are the source of the
oordinated Au atoms.

.3. Assemblies of elaborate porphyrin derivatives on metal
urfaces

It is difficult to evaporate large molecules because their vapor
ressures are so low that elevated temperatures are required to
vaporate them, at which thermal decomposition may likely to
ccur. A pulse injection method has been developed to deposit
olecules on surfaces under UHV conditions without exposing the

ample to high temperatures [103,104].
Bithiophene modified tris(porphyrinato)cerium(III) triple-

ecker complexes, (B(BT)P)Ce(B(BT)P)Ce(B(BT)P), were deposited

n the Au(1 1 1) surface with the pulse injection method [105].
he triple-decker molecules undergo face-on adsorption, forming
inear network with some branches. The linear network extends
long the herringbone structure characteristic of the reconstructed
u(1 1 1) surface.
A porphyrin 21mer, P21-bandanna, shaped like a Bandanna hav-
ing a Mandala pattern, was prepared through a 17-step synthesis
with a total yield of 0.15% and was deposited on the Cu(1 1 1) surface
using the pulse injection technique [106]. The STM revealed a col-

lection of spots representing every porphyrin subunit in the square
array spanning an area of 6.5 nm × 6.5 nm as shown in Fig. 27a
A square cyclic porphyrin dodecamer, cyc-P12, was also prepared
and visualized by STM with a submolecular resolution, see Fig. 27b
[107].
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A dendrimer containing a porphyrin moiety at the center,
P-dend, adsorbed on Au(1 1 1) was visualized with STM under
ambient conditions [108]. On bare Au(1 1 1), the dendrimer is
easily moved with the STM tip even at low scanning currents.
Observed images at low temperatures indicate that the protru-
sion representing the dendrimers is rather flat and spread out.
Mixtures of 1-hexadecanthiol and the dendrimer were used to
overcome the problem of mobility. The dendrimers are embed-
ded in the chemisorbed self-assembled monolayer (SAM) of
1-hexadecanthiol (Fig. 28). Thus the mobility of the dendrimer is

suppressed and the dendrimer was successfully visualized with
STM. The image gives a rounded protrusion that match the size of
the dendrimer.
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ig. 27. Single molecular images of porphyrin multimers. (a) P21-bandanna. The dia
106] (a) and [107] (b).

.4. In-situ reactions of porphyrins on metal surfaces
Sublimation methods have been applied to the preparation not
nly of physisorbed layers but also of chemisorbed layers, in which
olecules are covalently attached to the substrate surface. An

cetyl protected thiol derivative of porphyrin, H2-T(ATMP)P, was

Fig. 28. Immobilization of P-dend on Au(1 1 1) supported by SAM [108].
length, a = 9.5 nm. (b) cyc-P12, 7 nm × 7 nm. Reproduced with permission from Refs.

vacuum deposited on the Ag(1 0 0) surface [109]. STM revealed
the presence of large aggregates of porphyrin molecules on the
surface at this stage. Upon annealing, the porphyrin aggregates
disperse to form clusters of individual porphyrin molecules.
Remarkably, the acetyl groups detached from the porphyrin and
spread over the surface were also observed by STM. By the thermal
annealing, deacetylation occurs and the S–Ag bond forms. Due
to the covalent attachment of the molecules to the surface, the
mobility of the molecules is low. Subsequent low-pressure oxygen
introduction increases the mobility of the molecules, probably
due to oxidation of S atoms, resulting in spread out porphyrin
layers. Recently, this method was applied to prepare layers of
catalytically active manganese porphyrins, Mn(III)Cl-T(ATMP)P
[110].

Direct synthesis of metalloporphyrin complexes on surfaces
has been demonstrated. Evaporation deposition of H2-TPP on
the Ag(1 1 1) substrate produces well-ordered arrays of the free-
base porphyrin molecules. Subsequent evaporation deposition of
cobalt metal results in the formation of Co-TPP on the surface
[111,112]. The formal net reaction is two-electron oxidation of
cobalt with concomitant reduction of the inner-ring protons of
porphyrin: Co(0) + H2-TPP → Co(II)-TPP + H2. Porphyrin complexes
with Zn [112] and Fe [113–115] were likewise prepared. The
success of in-situ preparation of Fe porphyrin is particularly
important because it is difficult to deposit clean Fe porphyrin

via direct sublimation due to its high reactivity. For the Zn-
porphyrin system, further evaporation of NH3 molecules lead
to the formation of the NH3-coordinated Zn-porphyrin, demon-
strating the feasibility of multistep in-situ synthesis on a surface
[116].
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F 18]. (c and d) Co-TPP and Co-Pc [119]. Reproduced with permission from Refs. [117] (a)
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ig. 29. Coassemblies of TPP and Pc derivatives. (a and b) Ni-TPP and Co-FPc [117,1
nd [119] (c).

.5. Multicomponent assemblies on metal surfaces

The fluorine-substituted aromatic–aromatic interactions were
tilized to produce a well-ordered 1:1 mixed assembly on the
u(1 1 1) surface [117,118]. While Ni-TPP forms an ordered array
n the Au(1 1 1) surface, a fluorinated phthalocyanine derivative,
o-FPc, does not. Upon codeposition of these two compounds, a
ell-ordered 1:1 chessboard-type assembly is formed as shown

n Fig. 29a. One of the possible factors for the assembly formation
s the attractive interactions between the fluorine and hydrogen
toms on the periphery of the molecules. These behaviors of Co-
Pc contrast sharply with the protonated counterpart, Co-Pc. Co-Pc

orms a well-ordered assembly by itself. Co-Pc also forms a densely
acked well-defined structure with Ni-TPP, but it is composition-
lly disordered.

Deposition of Co-TPP and Co-Pc produces a 1:1 assembly as
hown in Fig. 29c [119]. In this case, long rows of identical molecules

Fig. 30. Molecular pinwheel made of Zn-T(DBP)P attached on Ag(1 0 0) through axial
coordination [120].
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Fig. 31. Resonant tunneling at negative (

lternate. The packing is tighter in the assembly of Ni-TPP/Co-FPc
han in that of Co-TPP/Co-Pc. The tighter binding may be driven by
he H bonds involving fluorine.

Axial coordination may be exploited to construct molecular
otors making use of the rotatable nature of the bond formed
etween the metal and the axial ligand. Deposition of Zn-T(DBP)P
n Ag(1 0 0) by evaporation in a UHV chamber gives four-lobed enti-
ies with a dip in the center as observed with STM [82]. Subsequent
vaporation of DABCO to the porphyrin modified surface at 123 K
akes the four-lobed features into higher, featureless protrusions,
hich are assigned as DABCO-ligated porphyrins. The assignment
as supported by the observation that increasing temperature to
98 K makes the protrusions back into the four-lobed entities. It
s reported that the sequence can be repeated many times on the
ame porphyrin covered surface. When 4-methoxypyridine was
vaporated instead of DABCO, toroidal species appeared, which is
igher than the ligand-free Zn-porphyrin but still has a depres-

ig. 32. STS for Co-TPP (top) and Ni-TPP (bottom) on the Au(1 1 1). Compare curve
’s and note that a small peak at 5.2 eV, which corresponds to the bias voltage of
0.1 V, appears only for Co-TPP. Reproduced with permission from Ref. [127].
nd positive (right) sample bias voltages.

sion at the center [120]. The newly appeared species is attributed
to a Zn-porphyrin axially coordinated from underneath by 4-
methoxypyridine, which is adsorbed to the Ag surface as shown in
Fig. 30. The methoxy group is thought to be responsible for the sur-
face binding, whereas the pyridine nitrogen is responsible for the
axial coordination to the Zn-porphyrin. The toroidal image lacks the
four-lobed feature, which suggests that the porphyrin molecules
are rotating faster than the time scale of the STM measurement. As
such, the system was termed as “a molecular pinwheel”.

4.6. STM investigation on molecular electronic structures

The most widely used mode of operation in STM measurements
is a constant current mode, in which the current value is kept
constant at a specified value under a specified bias voltage by a
feedback control on the z-position during scanning in the xy plane.
As such, STM samples electronic as well as geometrical information
localized below the tip at a molecular to atomic resolution.
In STS measurements, the current is measured as a function of
the bias voltage with a tip being kept at a position after the feedback
loop is cut off. The obtained I–V curve or dI/dV–V curve gives valu-
able insights into the electronic structure of the molecule under

Fig. 33. Mechanisms of STM-induced light emission. (a) Inelastic tunneling channel.
An electron from the tip inelastically tunnels through with simultaneous excitation
of a plasmon. (b) Luminescence channel. An electron from the tip tunnels through
elastically to excite the molecule. Vibrational relaxation within the same electronic
level is followed by a radiative transition to the lowest electronic level. The vibra-
tional structure may appear in the spectra due to the vibrational levels in the lowest
electronic level. Note that horizontal lines for the molecule indicate not the orbital
energies but the state energies. Also note that the luminescence is either from an
anionic (one-electron reduced) state or from the neutral state of the molecule.
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Fig. 34. Trapped Zn-(NCP)2(DBP)2P molecule ch

he tip. In general, the tunnel current increases as the bias voltage
s increased. When a molecule is present between the tip and the
ubstrate surface, abrupt increase is observed at certain voltages as
ndicated by peaks in the dI/dV–V curve. The peak in the dI/dV–V
urve indicates the occurrence of resonance tunneling between the
olecule and the tip. The situation is illustrated in Fig. 31.
STM images for Co-TPP molecules show a protrusion at the metal

ite, while those for Ni-TPP does not [121]. Similar results were
lso observed for metal complexes of phthalocyanines [122–126].
TS was applied to Co-TPP [127], Ni-TPP [127], and Ni-OEP [128]
dsorbed on the Au(1 1 1). The STS of the Co-porphyrin shows peaks
t +1.7, −0.1, and −1.2 V bias voltages (Fig. 32). These peaks arise
rom orbital mediated tunneling involving unoccupied orbitals, the
alf-filled d(z2) orbital on the cobalt atom, and occupied orbitals,
espectively. The STS of the Ni-porphyrins shows peaks at +1.7 to
1.8 V and −1.2 to −1.3 V, corresponding respectively to unoccu-
ied orbitals and occupied orbitals. The peak at the smaller bias
bserved for the Co-porphyrin is missing for the Ni-porphyrins,
hose d(z2) orbital is filled.

The orbital level at −0.1 V observed for the Co-porphyrin is

esponsible for the observed protrusion at the Co atom site, because
he density of states near the Fermi level makes the largest contri-
ution to the tunnel current [129]. The spatial orientation of the
(z2) orbital, which extends along the surface normal, may also
ork favorably to the flow of tunnel current. In addition, for the
he orientation within the hexagonal pore [146].

case of Co-TPP and Co-T(DBP)P adsorbed on the Ag(1 1 1) surface,
photoelectron spectroscopy studies showed that a significant elec-
tronic interaction results in a transfer of electron density from the
surface to the Co ion [130].

4.7. STM-induced photon emission from porphyrins on metal
surfaces

The detection of photons induced by tunneling electrons in STM
has attracted much attention. STM-induced photon emission from
adsorbed molecules are of particular interest as the event might be
considered as the final step in the light emission of organic light-
emitting diodes (OLEDs), as well as a single molecule version of
OLED.

Photon emission from metal surfaces is attributed to the radia-
tive decay of plasmons [131]. Two pathways are invoked for the
excitation of plasmons in the STM configuration. One is inelastic
tunneling, in which tunneling electrons give away a fraction of the
energy to the plasmon (Fig. 33a). The other is hot electron thermal-

ization (relaxation to the ground state), in which electrons tunnel
through the barrier elastically and then give away the excess energy
by thermalization. If a molecular excited state is involved in this
process, the light emitted is identified as the luminescence from
the molecule (Fig. 33b).
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ig. 35. Zn-OEP molecule trapped inside a pore of a hexagonal network on Cu(1 1
6 nm × 16 nm. Reproduced with permission from Ref. [147]. (b) Molecular structu

Photon emission induced by tunneling electrons was studied
or a monolayer of Cu-T(DBP)P adsorbed on the Cu(1 0 0) surface
n UHV [131–134]. In earlier works, the involvement of molecular
xcited states was invoked to explain the observed enhancement
f the light emission and its spectroscopic shift [132–134]. How-
ver, these data were later explained by modifications in the
ip–substrate geometry in the presence of the molecule [131]. Only
imilar spectroscopic changes were observed even when intrinsi-
ally luminescent free-base porphyrin was used [135].

Fluorescence from an adsorbed molecule, if any, may be strongly
uenched by the metal surface. An oxide layer was used to decouple
he electronic states between the molecules and the metal sur-
ace and reduce the quenching by the metal surface. Specifically, an
xide layer was grown on NiAl(1 1 0), on which Zn(II) etioporphyrin
was thermally sublimed [136]. While the light-emission spectra
ere similar in shape to those from the bare NiAl(1 1 0) surface for

he molecules deposited directly on the NiAl(1 1 0) surface, distinct
ight-emission features of molecular origin were observed for the

olecules deposited on the oxide surface. The molecular nature
f the detected luminescence was proved by the appearance of
ibrational structure that match that of photoluminescence of the
olecule, or the Zn(II) etioporphyrin I monoanion in this particular

ase.
Another method employed to decouple the metal surface and

he molecules is to use multilayers, where the topmost layers are
ecoupled with the metal surface by the underlying molecules.
or example, layers of Pt-T(DBP)P molecules were grown on the
urface of Cu(1 0 0) before deposition of a layer of H2-T(DBP)P
olecules [137]. From this multilayer, STM-induced luminescence
as observed. The spectroscopic shape was similar to that of
hotoluminescence of H2-T(DBP)P (the neutral molecule in this

ase), indicating that the observed STM-induced luminescence
manates from the topmost layer. Multilayer strategy to observe
TM-induced luminescence was confirmed to work for several
ther systems including a multilayer of H2-T(DBP)P on Au(1 0 0)
138,139], a layer of H2-T(DBP)P molecules on top of a multilayer
) STM images obtained at room temperature (left), 77 K (middle), and 5 K (right).

of H2-T(FP)P molecules on Cu(1 0 0) [140], and a multilayer of
Zn-T(DBP)P molecules on Cu(1 0 0) [139].

4.8. Motions of individual porphyrin molecules

Closely related to molecular electronics are molecular machines
[141–145], which have been attracting much attention in the pur-
suit for ever smaller machines. Molecular rotors would be one of
the elementary components of molecular machines.

cis-Zn-(NCP)2(DBP)2P molecules assemble into a hexagonal
porous network on the Cu(1 1 1) surface [146], through CN. . .H
hydrogen bonds, which are also observed on Au(1 1 1) [96]. A
molecule is found in some of the pores, which is trapped in the
pore but does not participate in the hydrogen-bonded network as
shown in Fig. 34. The molecule has a two-fold symmetry and the
pore has a six-fold symmetry. Therefore, there are three equivalent
orientations for the trapped molecule. The molecule can change

its orientation by rotational motion within the pore. Temperature
dependent rate of orientation change was examined to give an acti-
vation energy of 0.24 eV with a frequency factor of 5 × 107 s−1. The
orientation change can also be induced with the STM tip. A pulse of
V = −0.7 V and I = 150 pA for 1 s causes an orientation change at 77 K,
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t which temperature no thermally induced orientation change
akes place.

Thermal dehydrogenation of 4,9-diaminoperylene-quinone-
,10-diimine on a Cu(1 1 1) surface leads to the formation of a highly
table hexagonal molecular network. The hexagonal holes can trap
uest molecules of appropriate shape and size [147]. Zn-OEP is
rapped within the hole as shown in Fig. 35. Due to its four-fold
ymmetry, there are three equivalent orientations of the porphyrin
olecule with respect to the hexagonal network. At room temper-

ture, the porphyrin molecule is observed as a ring due to its fast
otational motion. At 77 K, the rings become noisy, indicating com-
arable rate of rotational motion with the STM time scale. Finally,
t 5 K, the dynamic motion is frozen, revealing a rectangular shape
f the Zn-OEP molecules. The analysis of the temperature depen-
ence yielded an activation energy of 0.17 eV and a frequency factor
f 1010.5 s−1 for the orientation change.

. Conclusions and prospect

STM studies on porphyrins have been described. The sub-
olecular resolution of STM has yielded information on individual
olecules that cannot be obtained with other means. STM mea-

ured tunneling current that is determined by the local electronic
tates between the tip and the substrate. Valuable information on
he electronic structure of a molecule or even that of a part of
he molecule can be gleaned from the analysis of the topograph-
cal images and I–V characteristics. Capability of manipulating

olecules adds additional values to STM.
Porphyrins are one of the most promising components for future

lectronic devices and materials including molecular electron-
cs, considering their rich electronic and photonic properties. The
ower of self-assembly and the amiability to surfaces are additional
enefits for constructing device structures. Conformational flexibil-

ty and manipulability further extend the possibility of tuning and
ontrolling their properties. These aspects have been revealed by
TM studies on individual porphyrin molecules.

As described in the introduction, there is a long way to go
ntil we can make molecular electronics devices. Key issues to be
ddressed are those indicated by words with plain letters (not bold)
n Fig. 1: Electronic communication among molecules in ordered
urface assemblies should be revealed; modulation of the electronic
ommunication by designed surface assemblies should be realized;
nd, finally, probably as the most difficult step, nonperiodic surface
ssemblies should be prepared that work as a molecular electronic
ircuit.
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