
Structure and Conformation of Individual Molecules upon
Adsorption of a Mixture of Benzoporphyrins on Ag(111),
Cu(111), and Cu(110) Surfaces
Rajan Adhikari,[a] Jan Brox,[a] Stephen Massicot,[a] Michael Ruppel,[b] Norbert Jux,[b]

Hubertus Marbach,[a] and Hans-Peter Steinrück*[a]

We investigated the adsorption behavior of a mixture of six 2H-
tetrakis-(3, 5-di-tert-butylphenyl)(x)benzoporphyrins (2H-
diTTBP(x)BPs, x=0, 1, 2-cis, 2-trans, 3, and 4) on Ag(111),
Cu(111) and Cu(110) at room temperature by scanning
tunneling microscopy (STM) under ultra-high vacuum condi-
tions. On Ag(111), we observe an ordered two-dimensional
square phase, which is stable up to 400 K. On Cu(111), the same
square phase coexists with a stripe phase, which disappears at
400 K. In contrast, on Cu(110), 2H-diTTBP(x)BPs adsorb as
immobile isolated molecules or dispersed short chains along
the [1�10] substrate direction, which remain intact up to 450 K.
The stabilization of the 2D supramolecular structures on

Ag(111) and Cu(111), and of the 1D short chains on Cu(110) is
attributed to van der Waals interactions between the tert-butyl
and phenyl groups of neighboring molecules. From high-
resolution STM, we can assign all six 2H-diTTBP(x)BPs within the
ordered structures. Moreover, we deduce a crown shape
quadratic conformation on Ag(111) and Cu(111), an additional
saddle-shape on Cu(111), and an inverted structure and a
quadratic appearance on Cu(110). The different conformations
are attributed to the different degree of interaction of the
iminic nitrogen atoms of the isoindole and pyrrole groups with
the substrate atoms.

Introduction

The organization of matter at the molecular or even atomic
level is still a difficult task. The goal is to develop molecular
scale devices, that is, devices that contain a single molecule or
molecular assembly embedded as a key component,[1] which
not only meet the increasing technical demands of the
miniaturization of conventional Si-based electronic devices but
also offers an ideal window of exploring the inherent properties
of materials at the molecular level. In order to realize, e.g.,
molecular scale electronic devices from organic building blocks,
one has to control and characterize the adsorption and arrange-
ment of molecular nanostructures on suitable substrates with
high precision. To enable the fabrication of nanometer-size
structures, significant efforts have been made to develop the

fundamental understanding of the adsorption and properties of
functional organic molecules on various substrates.[2] Investiga-
tion of the different self-assembled structures of the molecules
on surfaces is of fundamental importance, because the physical
and chemical properties of the various molecular assemblies
depend on their structures and conformations.[3] Additionally, in
a molecular device, the conformation of the molecule at the
interface is key.[1a,4] The molecule should not lose its function-
ality, or else, the device may not function. Many studies have
been performed using scanning tunneling microscopy (STM),
which opens up the possibility to directly investigate and/or
identify the conformation of individual molecules, such as
porphyrins,[2d,5] in their adsorbed states on single crystal coinage
metal surfaces.

Among the class of nitrogen-containing macrocycles,
porphyrins are omnipresent in nature[6] and are most exploited
representatives, in part because of their significance to
biology.[7] They are an essential building block of living systems,
e.g., for oxygen transport in mammals and photosynthesis.
Their unique electronic and magnetic characteristics have led to
manifold applications in a variety of electronic devices.[8] The
ideal conformation of a porphyrin has D4 symmetry, but due to
the inherent flexibility of the porphyrin macrocycle, the
conformation of a porphyrin can be customized by the
interactions with substrates,[2b,c] substitution with particular
functional end groups,[3c,9] molecular coverage,[10] heat
treatments,[2b,11] presence (metalation) or absence of metal
center,[3a,9a,12] which also further alters porphyrin’s adsorption
behavior as well as its physical and chemical nature.

Porphyrins and phthalocyanines adsorbed on metal surfaces
have so far received extensive attention within the category of
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nitrogen-containing macrocycles.[13] Tetraannulated derivatives,
in particular tetrabenzoporphyrins,[14] represent an intriguing
class of π-extended tetrapyrroles, due to their intermediate
position between regular porphyrins and phthalocyanines.
Benzoporphyrins have a variety of potential practical applica-
tions, such as organic near-infrared devices,[15] oxygen
sensors,[16] photodynamic therapy,[17] organic thin-film
transistors,[18] and dye-sensitized solar cells.[14,19] Despite this
relevance, only very few investigations of their adsorption
behavior on different metal surfaces have been reported to
date:[20] For 2H-5,10,15,20-tetrakis-(2-naphthyl)-benzoporphyrin
(2H-TNBP) on Cu(111), individual molecules were observed,
whereas islands with square arrangements were observed on
Ag(111);[20a] for 2H-5,10,15,20-tetrakis(4-cyanophenyl)-tetraben-
zoporphyrin (2H-TCNPTBP), Kagome, quadratic lattice, and
hexagonal networks coexist on Cu(111);[20b] for 2H-5,10,15,20-
tetraphenyltetrabenzoporphyrin (2H-TPTBP), 2D islands with the
molecules arranged in a herringbone structure are found on
Cu(111) and Ag(111), whereas on Cu(110) 1D molecular chains
were observed;[20c] for Ni(II)-5, 10, 15, 20-tetraphenyltetrabenzo-
porphyrin (Ni-TPBP), oblique, herringbone, and cross structures
coexist on Cu(111);[20d] and finally for Ni(II)-meso-tetrakis(4-tert-
butylphenyl)-benzoporphyrin (Ni-TTBPBP), islands with square
arrangement were observed on Cu(111).[20e] Such arrangements

could find potential applications in organic electronics or
catalysis.

Regardless of these promising properties, research on
tetrabenzoporphyrins is still only at the beginning, in particular
concerning their structural diversity and the resulting properties
on different surfaces. This is particularly true, since the synthesis
of functionalized isolated benzoporphyrin derivatives is very
challenging. Ruppel at el.[21] reported a synthetic protocol with
a library of 30 functionalized A4–symmetric tetraaryltetrabenzo-
porphyrins (TATBPs) utilizing a readily established 2H-isoindole
synthon. It provides quick access to a library of different
molecules; however, the separation of statistical mixtures is
frequently difficult and challenging.[21–22] For the synthesis of
here studied molecules, 2H-tetrakis-(3, 5-di-tert-
butylphenyl)(x)benzoporphyrins (2H-diTTBP(x)BPs), a mixed
condensation of pyrrole and the 2H-isoindole synthon with 3,5-
di-tert-butylbenzaldehyde were used, yielding a mixture of six
different porphyrin species; thereby “x” indicates the number of
isoindole groups (also denoted as benzopyrrole groups) in the
different porphyrins. Figure 1 shows the chemical structures of
the six 2H-diTTBP(x)BPs. The synthesis and characterization of
the mixture of the 2H-diTTBP(x)BP molecules was done in an
analogous way as has been described by Ruppel et al.[21]

elsewhere.

Figure 1. Chemical structure of the different 2H-diTTBP(x)BPs.
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Herein, we present a detailed investigation of the self-
assembly of 2H-diTTBP(x)BPs on Ag(111), Cu(111) and Cu(110)
as a function of temperature to provide further information on
fundamental aspects. While the different molecules cannot be
separated in the synthesis process, we were able to identify
and/or assign all six porphyrin species within the long-range
ordered structures on Ag(111) and Cu(111) based on our
submolecular resolution STM images. These long-range ordered
structures are stabilized by van der Waals forces between the
adjacent tert-butyl groups of neighboring molecules. On /bk;
Cu(110), however, we evidence for the first time, to the best of
our knowledge, a peculiar “inverted” adsorption geometry[23] for
any benzoporphyrin derivative.

Results and Discussion

2H-diTTBP(x)BPs on Ag(111)

In a first step, we investigated the adsorption behavior of 2H-
diTTBP(x)BPs on Ag(111), a substrate which is considered as
rather inert and does not tend to exhibit strong interactions

with metal-free porphyrins, as deduced from STM.[12,25] Sub-
monolayer coverage porphyrin films (total surface coverage of
~50%) were deposited onto the sample at RT, and the
measurements were carried out also at RT. In addition, the
sample was annealed to 400 K, and the subsequent STM
measurements were again performed at RT.

Figure 2a shows the images measured after the deposition
at RT. The overview image (left) and close-up image (middle),
displays a very regular, monomodal 2D island, with nearly
perfect long-range order and only very few defects. The high-
resolution STM image in Figure 2a (right) shows that the phase
is characterized by a square unit cell (γ=89�3°), with unit cell
lattice vectors ~a=1.56�0.10 nm and ~b=1.46�0.10 nm, and a
unit cell area of 2.28 nm2. We propose that the unit cell contains
one molecule, yielding a density of 0.44 molecules/nm2. As
mentioned above, the deposited 2H-diTTBP(x)BPs mixture
contains six different molecules, containing 0, 1, 2 (cis and
trans), 3, or 4 isoindole groups (see Figure 1). From the detailed
inspection of the high-resolution STM image in Figure 2 (right),
we are indeed able to identify and assign all six molecules,
which are marked with differently colored dashed circles. Each
individual molecule can be identified by four characteristic

Figure 2. STM images of 2H-diTTBP(x)BPs on Ag(111), as overview (left, 50×50 nm2), close-up (middle, 20×20 nm2), and with high resolution (right,
10×10 nm2), measured at RT. a) Deposition at RT reveals a highly ordered long-range square phase. b) After annealing to 400 K for 30 min no changes are
observed; the middle and right image in (b) are an average frame of 6 and 20 consecutive images, respectively. In the high-resolution images, the six different
molecules (x=0, 1, 2-cis, 2-trans, 3, & 4) can be identified and are marked with dashed colored circles. The unit cells are shown as solid white lines, and the
white arrows indicate the close-packed Ag(111) substrate directions. For more details, see text. The STM images were measured with Ubias between 1.0 and
1.88 V and Iset between 89.3 and 201 pA; for details see Table S1 in the Supporting Information.
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lobes, that is, bright or dim protrusions that correspond to the
isoindole groups. This appearance is attributed to a “crown-
shape” conformation,[20d] which results from a subtle balance
between molecule-substrate interactions and repulsive forces
within the molecules. We will address the details of the
intramolecular conformation later on in Figure 3.

Typically, the subtle balance between molecule-molecule
and molecule-substrate interactions determines the adsorption
behavior of porphyrins and other large organic molecules. On
Ag(111), supramolecular arrangements of 2H-tetraphenylpor-
phyrin (2H-TPP) are formed as a result of T-shaped intermolec-
ular interactions between the peripheral phenyl substituents of
neighboring molecules.[25a,26] In contrast, due to strong mole-
cule-substrate interaction between the iminic nitrogen atoms of
the porphyrin and the Cu atoms of the substrate, individual 2H-
TPP molecules were observed on Cu(111) at RT.[27] For 2H-
diTTBP(x)BPs on Ag(111), we do not expect site-specific
molecule-substrate interactions, which would yield such immo-
bilized isolated molecules. Furthermore, the observed long-
range supramolecular arrangement is also not compatible with
the commonly observed T-shaped and π–π intermolecular
stacking of a similar porphyrin derivative, that is, 2H-TPTBP on
Ag(111), Cu(111) and Cu(110).[20c] Thus, we propose that the
formation and lateral stabilization of the long-range ordered
supramolecular arrangement observed in Figure 2a are driven
by intermolecular interactions between neighboring molecules,
which are mainly mediated via van der Waals forces between
the tert-butyl groups and possibly phenyl groups of neighbor-
ing molecules.

To probe the stability of the phase, we annealed the
deposited porphyrin films to 400 K for 30 min. Figure 2b shows
the corresponding images after this annealing step, measured
at RT. We again observe a very regular, monomodal 2D island,
with nearly perfect long-range order and only very few defects.
The high-resolution STM image in Figure 2b (right) shows an
(within the experimental uncertainty) identical square lattice
(γ=92�3°), with lattice vectors ~a =1.56�0.10 nm and ~b=

1.46�0.10 nm, and a unit cell area of 2.28 nm2. Assuming one
molecule per unit cell, we obtain an identical density of 0.44
molecules/nm2 as for the layer measured directly after deposi-
tion at RT. Again, we were able to identify all six 2H-
diTTBP(x)BPs (with x=0, 1, 2-cis, 2-trans, 3, and 4 isoindole
groups), which are marked with colored dashed circles in the
high-resolution STM image in Figure 2b (for details see Figure 3
below). Overall, the STM images in Figure 2b show that the
long-range ordered monomodal 2D phase remains unchanged
and is thus thermodynamically stable at 400 K.

To obtain further insight, we analyze the appearance of the
individual 2H-diTTBP(x)BP molecules in more detail. Figure 3a
and 3c show enlarged cutouts of the different molecules
indicated in Figure 2a (RT) and Figure 2b (400 K), respectively.
Each appears as four quadratically arranged, clearly identifiable
bright or dim protrusions, which are separated by ~6 Å.
Generally, a subtle balance between molecule-molecule and
molecule-substrate interactions as well as steric forces within
the molecule determine the intramolecular conformation of
TPPs on a surface. For many porphyrins and slightly modified

TPPs, the “saddle-shape” conformation is the well-established
conformation.[20,25a,26,27b,28] However, this intramolecular confor-
mation is not compatible with the observation of four quadrati-
cally arranged protrusions observed for the molecules on
Ag(111) studied here. Thus, we need to consider a different
intramolecular conformation. Interestingly, the observed pecu-
liar appearance is very similar to that observed by Lepper at el.
for Ni(II)-5, 10, 15, 20-tetraphenyltetrabenzoporphyrin (Ni-TPBP)
on Cu(111).[20d] They assign the quadratic appearance of the
molecule to four upward bent isoindole groups, which appear
as four bright protrusions in STM, separated by ~6 Å. The
suggested structure is conceivable when an attractive sub-
strate-molecule interaction pulls the macrocycle towards the
substrate, increasing the tilting value of isoindole groups due to
steric repulsion of the ortho-substituents within the molecule.

The proposed scaled molecular models for each of the 2H-
diTTBP(x)BPs molecules on Ag(111) are depicted in Figure 3b,
with the upward bent isoindole groups colored in orange, and
the upward bent pyrrole groups in yellow. Due to their larger
size, the isoindole groups are assigned to the bright protrusion
and the pyrrole groups to the dim protrusions. The six
individual 2H-diTTBP(x)BPs (x=0, 1, 2-cis, 2-trans, 3, and 4) are
labeled with different colors (rectangular frame) and are
displayed from bottom to top: A molecule with four dim lobes
is assigned to x=0 (violet); one bright lobe and three dim lobes
are assigned to x=1 (blue); two bright lobes and two dim lobes
are assigned to x=2 (cis; red) or x=2 (trans; orange); three
bright lobes and one dim lobe are assigned to x=3 (green);
and finally, four bright lobes are assigned to x=4 (black).

Overall, our proposed models are in line with the
interpretation of Lepper et al.,[20d] and the tert-butyl groups are
nearly parallel to the surface in this geometry. In accordance
with the suggested molecular geometry, the attractive inter-
action is due to van der Waals forces between the extended π-
systems of the tert-butyl groups and the macrocycle of the
molecule and the Ag substrate. The similarity of the appear-
ances of 2H-diTTBP(x)BPs molecules on Ag(111) and Ni(II)-TPBP
indicates that the overall conformation of the molecules within
the ordered layer is not significantly influenced by presence of
the tert-butyl groups or by the presence of a metal ion instead
of two hydrogen atoms, similar to the observations for 2H-TPP
and M2+-TPPs.[25a,27a]

2H-diTTBP(x)BPs on Cu(111)

To gain deeper insight into the adsorption behavior of 2H-
diTTBP(x)BPs, we also investigated their properties on Cu(111).
Considering the well-established differences in the adsorption
behavior of 2H-TPP on Cu(111) and Ag(111),[25a,27b] we expect a
substantially different adsorption behavior or conformation also
for 2H-diTTBP(x)BPs on the two surfaces. This is because Cu(111)
is generally considered as a more reactive surface than Ag(111),
in particular concerning N-containing molecules. Sub-mono-
layer coverage porphyrin films (total surface coverage of ~50%)
were deposited onto a sample at RT, and measurements were
carried out also at RT, before the sample was annealed to 400
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Figure 3. STM images (1.8×1.8 nm2) of 2H-diTTBP(x)BPs on Ag(111) after a) adsorption at RT - cutout from Figure 2a-right, and c) after annealing to 400 K for
30 min - cutout from Figure 2b-right. Each molecule is characterized by four bright or dim protrusions. b) Scaled molecular models of the six individual
molecules (x=0, 1, 2-cis, 2-trans, 3, & 4). The proposed molecular model represents a “crown-shape” conformation: Upward bent isoindole groups are
depicted in orange and correspond to bright protrusions in (a) and (c); upward bent pyrrole groups are depicted in yellow and correspond to dim protrusions.
The six individual molecules are marked with differently colored frames, with the same color code as used in Figure 2; for more details, see text. The STM
images were measured with Ubias=1.88 V and Iset=89.3 or 201 pA; for details see Table S1.
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or 450 K to investigate the role of temperature. After each
annealing step, STM was performed at RT.

Figure 4a shows the STM images after the deposition at RT
(for a more extensive data set see Figure S1 in the SI). In the
overview image (left), one can clearly distinguish two different
self-assembled molecular ordering patterns, namely a square
phase and a stripe phase, marked with white and yellow dashed
lines, respectively. These structures coexist on the surface,
establishing a polymorphism of the adsorbate system. The

ordered islands often grow from step edges onto the terraces,
which leads us to suggest that the steps are energetically
favored adsorption sites, which also act as nucleation centers
for island growth.[2c] The two phases cover about similar surface
areas, which suggests a comparable adsorption energy. Be-
tween the ordered islands, a disordered phase exits, and noisy
streaks are visible in the fast-scanning direction of the STM,
indicating the existence of mobile molecules on the surface.
This streaky appearance is ascribed to molecules moving too

Figure 4. STM images of 2H-diTTBP(x)BPs on Cu(111), as overview (left, 50×50 nm2) and with high resolution (middle, right, 10×10 nm2), measured at RT.
a) Deposition at RT reveals a coexistence of ordered square and stripe phases, along with a disordered phase. b) After annealing at 400 K for 10 sec no
changes are observed. c) After further annealing at 400 K for 1 h, a loss of the stripe phase is found leaving the square phase and a disordered phase on the
surface. The unit cells are shown as solid white lines, and the white arrows indicate the close-packed Cu(111) substrate directions. For more details, see text.
The STM images were measured with Ubias between � 1.59 and +1.26 V and Iset between 95.7 and 299 pA; for details see Table S1.
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fast to be imaged by STM, which is in line with a two-
dimensional (2D) gas phase.[25a,27a,29]

Figure 4a (middle) shows high resolution images of the
phase with the square lattice (γ=93�4°), with unit cell lattice
vectors ~a=1.48�0.10 nm and ~b=1.60�0.12 nm. These values
yield a unit cell area of 2.37 nm2, and – with one molecule per
unit cell – a density of 0.42 molecules/nm2. Notably these
parameters are, within the experimental uncertainty, identical
to those observed above for 2H-diTTBP(x)BPs on Ag(111). The
second island type, the stripe phase in Figure 4a (right), also
displays a densely packed, locally ordered structure. However,
due to the absence of a well-defined long-range order, it is not
possible to provide a unit cell. The phase consists of molecular
rows, which are perfectly aligned along the high symmetry
directions of the substrate. This is particularly evident from
Figure 5, where three different domains, rotated by each other
by 120°, are depicted. The perfect alignment and the absence
of any moiré pattern is a strong indication that the stripe phase
is commensurate with the underlying substrate. The driving
force likely is that the molecules have a well-defined adsorption
site on the Cu(111) surface.

To gain additional insight, we discuss the appearance of
individual 2H-diTTBP(x)BPs molecules within the square and the
stripe phase in Figure 4 and Figure S1. In the high-resolution

image of the square phase obtained after heating to 400 K in
Figure S2 (left), we were able to identify some of the 2H-
diTTBP(x)BPs, that is, those with x=0, 2-cis, and 4. These
individual molecules are denoted again by colored dashed
circles, with the same color code used as for Ag(111) in Figure 3.
Due to the lower resolution of the STM image (likely caused by
a different STM tip termination), we were unable to identify and
assign all of the six different porphyrin species. In the enlarged
cutouts in Figure S2 (right; top row), the molecules appear as
four, clearly identifiable bright or dim protrusions separated by
~6 Å. The proposed scaled molecular models are overlaid and
depicted in Figure S2 (right; bottom row), using the same color
code for the rectangular frame. The overall intramolecular
conformation is in line with the findings on Ag(111) that were
discussed in detail above.

We next discuss the appearance of individual 2H-
diTTBP(x)BPs within the stripe phase depicted in Figure 6 (top).
Note that in contrast to the situation for the square phase on
Ag(111) in Figure 3 and on Cu(111) in Figure S2, where the
molecules all had a quadratic appearance with 4 protrusions,
we here observe a rectangular appearance with 6 protrusions
for stripe phase. Nevertheless, we are again able to assign the
different appearances to different 2H-diTTBP(x)BPs molecules, if
we now assume an intramolecular structure with a saddle-

Figure 5. STM images of the stripe phase of 2H-diTTBP(x)BPs on Cu(111) measured at RT, as overview (top, 20×20 nm2) and with high resolution (bottom,
10×10 nm2). The white arrows indicate the close-packed Cu(111) substrate directions. The stripe phase was found aligned along all high symmetry axes
(marked with purple arrow). For more details, see text. The STM images were measured with Ubias= � 1.0 V and Iset between 293 and 298 pA; for details see
Table S1.
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shape. Thereby, two of the isoindole or pyrrole groups are bent
upward and two are bent downward. In Figure 6 (top) we

observe 3 different appearances which are indicated by differ-
ently colored rounded-edge rectangles, which all display 6

Figure 6. a) STM image of the stripe phase of 2H-diTTBP(x)BPs on Cu(111) measured at RT with high resolution (top, 10×7 nm2; for details see also Figure 4a,b
and Figure 5). b–d) Cutouts (2.5×1.87 nm2) overlaid with proposed scaled molecular models. Each molecule displays six protrusions: the outer four are
assigned to the peripheral phenyl substituents, and the two central ones to the slightly bent up isoindole or pyrrole groups. The elongated depression (dark
line) between two parallel groups of three protrusions is referred to as molecular axis. The proposed molecular model represents a “saddle-shape”
conformation with upward/downward bent isoindole groups depicted in orange and pyrrole groups in yellow. Three different appearances are observed with
TWO bright protrusions (b1–b3: red frame; x=4, 3, or 2-trans), ONE bright protrusion (c1–c3: blue frame; x=3, 2-cis, or 1), and ZERO bright protrusions (d1-d3:
yellow frame; x=2-trans, 1, or 0). For more details, see text. The STM image were measured with Ubias= � 1.0 V, Iset=296 pA; for details see Table S1.
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protrusions. The elongated depression (dark line) between two
parallel groups of three protrusions is referred to as molecular
axis; it is aligned, that is, parallel to one of the high-symmetry
crystallographic directions of the Cu(111) substrate.

The outer four protrusions, that is, those at the edges of the
rectangle always appear dim. By comparison with the chemical
structure in Figure 1 and STM reports concerning different
porphyrins in literature (see ref.[20a,b,25a,27b] and references there-
in), we assign them to the peripheral phenyl substituents. The
two central protrusions appear either as bright or as dim, and
are assigned to the slightly upward bent isoindole or pyrrole of
the saddle-shaped molecule; this is evident from Figure 6
(bottom columns, b–d), where enlarged cutouts of the STM
image from Figure 6a are overlaid with a scaled molecule
models. Thereby, upward bent isoindole groups are colored
orange, while upward bent pyrrole groups are colored yellow.

Altogether, we can identify 3 different appearances in
Figure 6. TWO bright central protrusions (red frame) are
assigned to x=4 (b1), with two upward and two downward
bent isoindole groups, or to x=3 (b2), with two upward bent
isoindole groups and downward bent isoindole and pyrrole
groups, or to x=2-trans (b3), with two upward bent isoindole
groups and two downward bent pyrrole groups. Appearances
with ONE bright central protrusion (blue frame) are assigned to
x=3 (c1), with upward bent isoindole and pyrrole groups and
two downward bent isoindole groups, or to x=2-cis (c2), with
upward bent isoindole and pyrrole groups, and downward bent
isoindole and pyrrole groups, or to x=1 (c3), with upward bent
isoindole and pyrrole groups and two downward bent pyrrole
groups. Appearances with ZERO bright central protrusions
(yellow frame) are assigned to x=2-trans (d1), with two upward
bent pyrrole groups and two downward bent isoindole groups,
or to x=1 (d2), with two upward bent pyrrole groups and
downward bent isoindole and pyrrole groups, or to x =0 (d3),
with two upward bent and two downward bent pyrrole groups.

After discussing the intramolecular conformations, we
address the intermolecular interactions. For TPPs, the
supramolecular arrangement is stabilized by T-shaped inter-
actions between the phenyl rings of the neighboring porphyr-
ins. Thereby, each phenyl group points directly to the center of
a phenyl group of a neighboring molecule. Since in 2H-
diTTBP(x)BPs two tert-butyl groups are attached to the 3- and 5-
position of the phenyl groups, neither T-shaped interactions
nor π–π intermolecular stacking can occur. We instead propose
that the formation and lateral stabilization of the observed
supramolecular arrangements are mainly mediated via van der
Waals forces between the tert-butyl groups and possibly phenyl
groups of neighboring molecules.[20e,30] Furthermore, the overall
intermolecular theme is consistent with the findings on the
Ag(111) surface discussed above. The observation of the same
square phase of the mixture of 2H-diTTBP(x)BPs on both
surfaces indicates that the long-range order of this phase is
predominantly stabilized by the outer periphery of the mole-
cules and not by the substrate or the number of isoindole
groups.

To probe the stability of the phases, we annealed the
deposited porphyrin films to 400 K for 10 sec and for 1 h.

Figure 4b–c show the corresponding images after this anneal-
ing step, measured at RT. We initially observed no change in
the phases. Long heating, on the other hand, results in the loss
of the stripe phase, leaving the square phase and a disordered
phase on the surface. Finally, we annealed the adsorbed layers
on Cu(111) to 450 K for 20 min. Figure S3 shows the STM
images acquired at RT after the annealing process. Remarkably,
no ordered square lattice or stripe phase is observed anymore.
We observed only a disordered phase. We tentatively assign our
observations to a dehydrogenation process within the porphyr-
in yielding the formation of new intramolecular C� C bonds
between the isoindole and the phenyl groups (see refs.[20b,29,31]

and references therein).

2H-diTTBP(x)BPs on Cu(110)

As a final step, we investigated the adsorption and reaction
behavior of 2H-diTTBP(x)BPs on Cu(110). This surface is
characterized by close-packed Cu rows along the [1�10]
direction, which yield a unidirectional corrugation. Its open
structure is expected to make the surface more reactive than
Ag(111) or Cu(111), and it has been therefore also selected as a
template substrate.[20c,32] Sub-monolayer coverage porphyrin
films (total surface coverage of ~40%) were deposited onto the
sample at RT, and measurements were carried out also at RT.
Additional measurements were performed after annealing the
sample to 400 or 450 K, and subsequent cooling down to RT.

Figure 7a shows the corresponding STM images after
deposition at RT. In the overview image (left) and close-up
image (right), we observe no long-range ordered phases, but
dispersed individual molecules or short linear chains, composed
of two to three molecules, at the step edges and on terraces.
The chains are aligned along the [1�10] direction of the
substrate. We attribute our observations to the interaction of
the nitrogen atoms of the downward bent isoindole or pyrrole
groups, which get closer to the surface on the comparably
rough, trough-like Cu(110) surface, leading to specifically
favored adsorption sites. The observation of only individual
molecules or small ensembles indicates that these specific
adsorption sites impose a lateral distance of the molecules,
which does not fit to the ordered phases observed on Cu(111),
which are stabilized via the lateral van der Waals forces
between neighboring molecules.[20c,d,33] For too large ensembles,
the energetic costs for occupying non-optimum adsorption
sites cannot be overcompensated by the energy gain due to
attractive lateral interactions.

The molecules on Cu(110) are found in two conformations
in Figure 7. The first displays four nearly quadratically arranged
protrusions (indicated by white circles). The second is a peculiar
rectangular shape with six protrusions (indicated by rectangles),
with four dim protrusions at the edges and two dim or bright
protrusions in the center of the molecule. This appearance is
clearly different from the appearance of the molecules in the
stripe phase on Cu(111). It is, however, similar to the
appearance of 2H-tetraphenylporphyrins (2H-TPP) and 2H-
tetranaphthylporphyrins (2H-TNP) on Cu(111),[23,34] which both
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Figure 7. STM images of 2H-diTTBP(x)BPs on Cu(110), as an overview (left, 50×50 nm2), with close-up (right, 20×20 nm2), and with high resolution (bottom
left three, 2.5×1.86 nm2; bottom-right, 2.5×2.5 nm2), measured at RT. a) Deposition at RT reveals isolated molecules and the formation of short isolated 1D
chains. b) After annealing to 400 K for 5 min and c) 450 K for 10 min, the molecular appearance remains unchanged. The close-up STM images and the high-
resolution images reveal individual isolated molecules with two conformations (measured at RT): a quadratic arrangement of four lobes (white circle or frame)
and rectangular arrangement with six lobes (colored frames). The latter is assigned to an “inverted” structure and has three different appearances (indicated
by different colors). For more details, see text. The white arrows indicate the close-packed Cu(110) substrate directions. The STM images were measured with
Ubias between � 1.28 and +1.25 V and Iset between 195 and 197 pA; for details see Table S1.
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have an inverted structure with two pyrrole groups oriented
nearly perpendicular to the surface. From this similarity, we
propose an inverted structure also for 2H-diTTBP(x)BPs on
Cu(110).

From the high-resolution images in Figure 7 (bottom row)
and Figure 8a, 8b, and 8c, we can further analyze the two
different conformations of the 2H-diTTBP(x)BPs. For the inverted
conformation, we observe three different appearances of the
two central protrusions (indicated by a red, blue, or yellow
frames), which we tentatively can correlate with the number of
isoindole groups. The assignment is illustrated in Figure 8,
where the STM images are overlaid by scaled molecular models.
In all of them, a bright central protrusion is assigned to a
vertical isoindole group and a dim protrusion to a vertical
pyrrole group (the horizontal isoindole or pyrrole groups cannot

be identified): TWO bright central protrusions (red frame) are
assigned to x=4 (a1), 3 (a2), or 2-trans (a3), with two vertical
isoindole groups, ONE bright central protrusion (blue frame) to
x=3 (b1), x=2-cis (b2), or x=1 (b3), with one vertical isoindole
group, ZERO bright central protrusions (yellow frame) are
assigned to x=2-trans (c1), 1 (c2), or 0 (c3), with no vertical
isoindole group; notably for pure 2H-tetrakis(3,5-di-tert-
butyl)phenylporphyrin (2H-diTTBPP), that is, the molecule with-
out an isoindole group (x=0), a different appearance has been
observed.[35]

The appearance with four (nearly) quadratically arranged
protrusions for the individual molecules (white frames) is quite
different from the crown-shape appearance with four protru-
sions in the square phases on Ag(111) and Cu(111), which are
attributed to upward bent isoindole or pyrrole groups. Here,

Figure 8. Cutouts (2.5×1.86 nm2; same high resolution images as in bottom row in Figure 7, measured at RT) of the inverted structures in the STM images of
2H-diTTBP(x)BPs on Cu(110) (a–c), along with superimposed scaled molecular models of individual molecules with TWO bright protrusions (a1–a3: left/red
frame; x=4, 3, or 2-trans), ONE bright protrusion (b1–b3: middle/blue frame; x=3, 2-cis, or 1), and ZERO bright protrusions (c1–c3: right/yellow frame; x=2-
trans, 1, or 0), to illustrate the different conformations. Isoindole groups are depicted in orange, and pyrrole groups are depicted in yellow. The individual
molecules are marked with differently colored frames, with the same color code as used in Figure 7; for more details, see text.
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the protrusions are separated by 10 to 12 Å, that is, by about
twice the distance than for the “crown-shape” conformation.
We thus tentatively assign the structure with four quadratically
arranged protrusions to a quite different conformation, in which
the isoindole and pyrrole groups are in the plane of the
macrocycle and all phenyl groups bent upward and rotated,
such that one of the bulky di-tert-butyl groups points upward.
With this conformation, the four bright protrusions would be
due to the upward bent tert-butyl phenyl groups. Notably, the
appearance of the quadratically arranged protrusions in Fig-
ure 7 slightly varies from molecule to molecule. Thus, an
unequivocal assignment to the different 2H-diTTBP(x)BPs spe-
cies is not possible, and our interpretation of the appearance
with four quadratically arranged protrusions in the STM images
must remain speculative. We also cannot draw conclusions
concerning potential self-metalation of the molecule with Cu
adatoms: While for Cu(111) self-metalation typically leads to the
formation of long-range orders island of the
metalloporphrins,[9a,27a,29] this is not the case on Cu(110), where
both 2H-diTTPBP and Cu-diTTPBP is observed as individual
isolated molecules.[35]

To probe the stability of conformations and short chains, we
annealed the deposited porphyrin films to 400 K for 5 min and
to 450 K for 10 min, respectively. Figure 7b and 7c show the
corresponding overview and close-up images. Overall, we again
observe dispersed short linear 1D chains aligned along the [1
�10] direction of the substrate coexisting with individual isolated
molecules, with no significant transformations. The molecules in
both conformations seem to be intact and thermodynamically
stable up to 450 K.

Conclusions

We investigated the adsorption behavior of the mixture of 2H-
tetrakis-(3, 5-di-tert-butylphenyl)(x)benzoporphyrins (2H-
diTTBP(x)BPs) on Ag(111), Cu(111), and Cu(110) surfaces by
scanning tunneling microscopy at room temperature. The
mixture contained six different 2H-diTTBP(x)BPs with x=0, 1,
2-cis, 2-trans, 3, and 4, as obtained from synthesis. For the three
surfaces, we obtain a quit different adsorption behavior
concerning long-range order and intramolecular conformation
of the porphyrins. Notably, on all surfaces, high resolution STM
images allow for identifying the different 2H-diTTBP(x)BPs.

On Ag(111), the adsorption of the mixture results in a long-
range ordered two-dimensional square phase, which is stable
upon heating to 400 K. The individual molecules appear a four
quadratically arranged dim or bright protrusions, which are
assigned to upward bent isoindole or pyrrole groups in a so-
called crown conformation. On Cu(111), the same square phase
coexists with a stripe phase; in the latter, the molecules have a
rectangular shape with two parallel groups of three protrusion,
which reflect a saddle-shape conformation. Heating to 400 K
leads to the loss of the stripe phase but leaves the square phase
intact. The observation of the same square phase of the mixture
of 2H-diTTBP(x)BPs on both surfaces indicates that the long-
range order is stabilized by the outer periphery of the

molecules and not by the substrate or the number of isoindole
groups.

In contrast, on Cu(110), 2H-diTTBP(x)BPs adsorb as isolated
molecules or dispersed short (two to three molecules long)
one-dimensional chains along the [1�10] substrate direction that
coexist with isolated individual immobile molecules; this
structure remains intact up to 450 K. The individual molecules
display two conformations. The first is a peculiar rectangular
shape with four dim outer protrusions and two dim or bright
central protrusions, indicative of an “inverted” conformation of
the molecules. The second displays four (nearly) quadratically
arranged protrusions for the individual molecules, and is quite
different from the crown-shape appearance on Ag(111) and
Cu(111); we tentatively attribute it to a structure, in which the
isoindole and pyrrole groups are in the plane of the macrocycle
and all phenyl groups are bent upward and rotated such that
one of the bulky di-tert-butyl groups points upward.

The formation and lateral stabilization of 2D supramolecular
structures on Ag(111) and Cu(111), as well as 1D short chains
on Cu(110) are attributed to van der Waals interactions between
the tert-butyl possibly phenyl groups of the neighboring
molecules. The different conformations observed on the three
surfaces are assigned to the different degree of interaction of
the iminic nitrogen atoms of the isoindole and pyrrole groups
with the substrate atoms. The thermal stability of the crown
conformation for the square phases on Ag(111) and Cu(111),
and the isolated immobile molecules on Cu(110) indicates the
absence of a reaction under the investigated conditions. In
contrast, the disappearance of the saddle-shape conformation
of the stripe phase on Cu(111) upon longer annealing at 400 K
indicates a reaction, the nature of which is, however, difficult to
identify. A simple self-metalation of 2H-porphyrins to Cu-
porphyrins with substrate adatoms appears unlikely, as meta-
lated porphyrins typically show pronounced island formation,
which is not observed after heating. Finally, the stability of the
“inverted” structure on Cu(110) proves the absence of a self-
metalation, since the inverted structure is not compatible with
a central fourfold coordinated metal center of a metallopor-
phyrin. For the molecules displaying four (nearly) quadratically
arranged protrusions metalation cannot be ruled out. Further
insights possibly could be obtained by extensive DFT calcu-
lations to understand the different structures and conforma-
tions on the three surfaces, which is however, out of the scope
of this study.

Experimental
All experiments, sample preparations, and STM measurements were
performed in an ultrahigh vacuum (UHV) system with a base
pressure in the low 10� 10 mbar regime. The preparation of the
Ag(111), Cu(111), and Cu(110) surfaces was done by sequential
cycles of Ar+ ion bombardment (600 or 700 eV) followed by
annealing at 850 K. STM was performed using an RHK UHV VT STM
300 operated at RT, with RHK SPM 100 electronics. All STM images
were obtained with a manually cut Pt/Ir tip, in constant current
mode. The denoted bias voltages refer to the sample. The STM
images were processed with the WSxM software. For noise
reduction, moderate filtering (background subtraction, Gaussian
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smoothing) was applied.[24] The 2H-diTTBP(x)BPs molecules were
deposited onto the substrates held at RT using a home-built
Knudsen cell with the crucible at 651–662 K. The STM measure-
ments were typically initiated 1–2 h after preparation.
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