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1 Introduction

1.1 Motivation

Miniaturization is one of the most prominent buzzwords in modern technology and is closely
related to nanotechnology. The term nanotechnology basically refers to the fabrication,
development, manipulation and utilization of well-defined structures with dimensions smaller
than 100 nnt.

The main aim of the miniaturization process is to increase the density of functional efements
4 and/or to access new areas of physical or chemical properties and functionalities, like
antibacterial paifit’ or self-cleaning coating€. The miniaturization trend can be illustrated

by Moore’s law which quantitatively states that the number of transistors per area of
integrated circuits doubles every two yeBrsiniaturization can be achieved in two ways:

the top-down approach is probably up to now the industrial more relevant one and is
technically realized via lithographic methods. As the minimum size of these structures and
devices further decreases and reaches the molecular or atomic level, the second strategy, the

so-called bottom-up approach becomes more and more important.

In the bottom-up approach, the fabrication of nanostructures is mainly targeted by the self-
assembly or controlled manipulation of basic building blocks like atoms or molecules. One
main strategy of the bottom-up approach is inspired by a basic principle found in nature,
which is the molecular recognition and results in the mentioned self-assembly. For self-
assembling systems, the formation of desired nanostructures out of the basic building blocks
occurs by a spontaneous assembly of the latter, due to the mutual interactions in-between all
involved building blocks. This opens up the perspective for tailoring functionalities of
supramolecular architectures. In order to do so, a detailed understanding of the underlying
processes during self-assembly is vital, and suitable means to investigate the self-assembly
are required. For the detailed characterization of adsorbates on surfaces, the scanning
tunneling microscope (STM), invented in 1982 by G. Binnig and H. RBHfehas proven

to be a very powerful tool.
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Currently, a vivid branch of science focuses on the research of molecular building-blocks
with easily tunable electronic and chemical properties. Within the different molecule classes
that match this description, porphyrinoids seems to be particularly promising for several
reasons like a high thermal stability, allowing for intact sublimation of the molecules, well

investigated and established synthesis routes, and the large variety of intrinsic functionalities.

CO,phytyl

Figure 1.1: lllustration of the two most prominent metalloporphyrins in nature. Modified

from 3

The versatility of porphyrinoids is also documented by their abundance in nature as main
functional building blocks in biological systems. The two most prominent functions of
porphyrins in nature are shown in Figure 1.1. These are iron porphyrin as the main functional
building block of hemoglobin (shown on the right side of Figure 1.1), enabling the oxygen
transport in the blood stream of mammals, while magnesium porphyrin is responsible for
light harvesting in chlorophylla (shown on the left side of Figure 1.1). Thereby the
functionalities of the porphyrins are largely determined by the central metal atom, the

attached substituents, and the chemical environfient.

This thesis aims to expand the knowledge and understanding of the adsorption behavior and
formation of supramolecular aggregates on surfaces by analyzing the different interactions
occurring in the investigated systems by STM. In particular, the structures formed on a
Cu(111) surface upon adsorption of free-base tetrephenylporphyrin (2HTPP), free-base
tetraphenylporphycene (2HTPPc), free-base and Co tetrakisditertbutylphenylporphyrin
(2HTTBPP and CoTTBPP) were studied in detail. Besides an analysis of molecular
conformations and interactions at room temperature (RT), the temperature and coverage
dependent changes of the systems have been investigated with a particular focus on surface
diffusion, molecular rotation, disorder-order transition, conformational changes, molecular

dynamics and chemical modification of the molecules.
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1.2 Literature Review

One of the main topics of interest concerning the investigation of structures fabricated with
the bottom-up approach is the detailed understanding of the factors influencing the molecular
self-assembly. Molecular self-assembly is defined as the “spontaneous association of
molecules under equilibrium conditions into stable, structurally well-defined aggregates

joined by non-covalent bond$®.

In order to gain this understanding, molecular self-assembly on well-defined single
crystalline surfaces is studied to identify the specific molecule-substrate interactions, as well
as the corresponding intermolecular interactions. Thereby, the conformation of the molecule,
its chemical structure and the influence of the substrate were major points of interest and
intensively investigated in the pa&%® In this context, porphyrins and tetrapyrroles in
general received much attention by scientists due to the outstanding properties these classes
of molecules exhibit® 2”*°In this respect, properties like the coordination of a large variety

of different metal atoms to the center of the macrocycle, as well as the possibility to attach
various functional groups to the meso- ghpositions of the molecules lead to a wide range

of different electronic, steric and chemical properties, which can be tailored in a controlled
manner'® 819 3150 far, the present understanding of porphyrinoids was used to design
porphyrin-based applications like biosendgrs molecular electronidd surface

functionalization”, and heterogeneous asymmetric catalysis

In most cases, porphyrinoids adsorb in a geometry where the plane of the macrocycle is
oriented parallel to the surfateDespite this general trend, numerous investigations showed
that the substituents attached to the macrocycle strongly influence the self-assembly of
supramolecular aggregates of porphyinoids. For example, although 2H-tetraphenylporphyrin
(2HTPP) and 2H-tetrapyridylporphyrin (2HTPyP) exhibit only subtle differences in their
chemical structure, i.e. in the periphery of the molecule one carbon atom per substituent is
replaced by a nitrogen atom, this modification results in substantially different
supramolecular arrangements when adsorbed on Ag(111): while 2HTPP forms square

ordered domairi§ 2HTPyP forms hexagonal arrangem@&ht$his demonstrative example
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proofs the sensitivity of the adsorption behavior towards subtle structural changes of the

molecule and offers a route for tailoring these properties.

Another important factor influencing the adsorption behavior of molecules, and thus the
resulting supramolecular assembly, is the nature of the substrate. As already mentioned,
2HTPP and 2HTPyP adsorbed on Ag(111) form regular and well-ordered patterns at RT.
However, on Cu(111) both molecular species adsorb at low coverage as individual molecules
and appear to be distributed randomly on the surface without supramolecular oftféring.
This observation indicates that the adsorption behavior of molecules on surfaces always

results from a complex interplay of molecule-substrate or molecule-molecule interactions.

If a system is dominated by molecule-substrate interactions, the molecules show a stronger
confinement to the substrate and are more influenced by specific adsorption sites and the
substrate symmetry. This is often reflected by a lower mobility of the molecules, i.e. less and
slower diffusion and rotation, as well as the hindrance to form supramolecular aggregates. If
the system is dominated by molecule-molecule interactions, a strong trend for the formation
of supramolecular aggregates is observed. For 2HTPP on Ag(111), it was shown that the
square arrangements are stabilized by so-called T-type interactions between the peripheral
phenyl substituents of neighboring molecufeslthough the self-assembly is dominated by
molecule-molecule interactions, it is also influenced by the substrate, as the orientation of the
molecular islands is determined by the symmetry of the substrate. The adsorption as
individual molecules of 2HTPP on Cu(111) and the dominance of molecule-substrate
interactions can be explained by the formation of a strong coordinative bond between the
iminic nitrogen atoms of the porphyrin and Cu substrate atdmssimilar interaction was
postulated for 2HTPyP on Cu(111) between the nitrogen atoms of the pyridyl groups and the
substrate, mediated by the lone pairs of the nitr8g&mom the similarity in the observed
one-dimensional diffusion behavior for both molecules on Cu(111), an analogy in the type of

molecule-substrate interactions and thus a minor influence of the pyridyl groups is d@duced.

In addition, the intramolecular conformation of the adsorbed molecules is of interest as it is
an indicator for the strength of the molecule-substrate and molecule-molecule interactions.
For example, it was found that the arrangement and conformation of Cu(ll)-tetrakisditert-
butylphenylporphyrin (CuTTBPP) strongly depends on the subéfraithough CUTTBPP
forms square ordered domains on Cu(i)Opu(110f* and Ag(110%, the molecular

conformation and the intermolecular interactions are different for each*caésmther
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example for such a system is Co(ll)-tetrakisditertbutylphenylporphyrin (CoTTBPP) on
Ag(111) where up to four different supramolecular arrangements were found, each
accompanied by a different, distinct molecular conformadfioA similar behavior is
observed when investigating systems like Ni(ll)-tetraphenylbenzoporphyrin (NiTPBP) on
Cu(111) where up to three different arrangements were found coexisting at RT and
depending on factors like temperature and covetatgerestingly, in this example the three
supramolecular structures are formed by only two intramolecular conformations. With these
systems it was demonstrated that the subtle balance between molecule-molecule and
molecule-substrate interactions can also be strongly influenced by factors like sample

temperature or molecular coverage.

Finally, there is also the possibility to influence the self-assembly by chemical
functionalization of the molecules. The easiest way to achieve this is the metalation of free-
base porphyrins with metal atoms on solid surfata@is possibility has gained significant
interest over the last decade, especially due to the role of metalloporphyrins in natural
processes. In nature, the role and functionality of the porphyrin compound is basically
defined by the corresponding metal atom coordinated to the porphyrin. Inspired by this
natural versatility several technological applications for metalloporphyrins have been
developed, like colorimetrfé and transistor-based senéfrslye-sensitized solar cefis or

as support for heterogeneous catafjstBor metalation of free-base porphyrins on solid
surfaces, there are currently three main routes khown(i) by adsorbing porphyrins on a
surface precovered with metal atoPAis! (i) by deposition of metal atoms onto a porphyrin
layer?? **>7or (i) by so-called self-metalation of molecules with substrate dforfi§* The

first two routes are well established for quite some time and have been investigated
extensively by STM, scanning tunneling spectroscopy (STS), X-ray photoelectron
spectroscopy (XPS) and near edge X-ray absorption fine structure (NEXAFS). During these
investigations, 2HTPP was metalated on Au(111) wifi &id on Ag(111) with Cg' 3" 6%/

F 253, 5556, 68—6,92n54, 66, 7? and C&-72

The self-metalation was first observed for 2H-protoporphyrin 1X (2HPPIX) on Cu(110) and
Cu(100%8. Other self-metalating systems were found to be 2H-tetrabromophenylporphyrin on
Cu(111§°, 2H-diphenylporphyrin and 2H-porphyrin on Cu(1*¥®nd 2HTPP on Cu(11%)

®1 and 2HTPP on Fe(110) and Ni(11DFT calculations in the gas phase suggest that the
metalation reaction is a step wise process where initially the metal atom is coordinated to the

nitrogen atoms, then the hydrogen atoms are transferred one after the other from the nitrogen
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atoms to the metal, and finally,Hs released from the molectfe Recent temperature
programmed desorption (TPD) investigations for deuterated 2DTPP suggest that the
metalation reaction on the substrate is different from that in the gas phase, since a surface
mediated exchange of the deuterim with hydrogen atoms from the carbon backbone of the
molecules was observéd.

Although the main focus of most investigations on the metalation of porphyrins was on the
reactivity and reaction path ways of the reaction, they also demonstrated that the metalation
can change the molecule-substrate and molecule-molecule interaction balance in a way that
the metalation reaction is accompanied by massive changes in the intramolecular

conformation and/or in the supramolecular ordetfh ®” >7°
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2 Theoretical and Experimental Background

2.1 Principle of STM

Scanning tunneling microscopy is an experimental method that allows for imaging

conducting and semi-conducting surfaces in real space on a molecular or atomic scale.

Although the basic idea for the scanning tunneling microscope was already proposed by
Young et al. in 1972, the first working microscope was presented in 1982 by Binnig and
Rohrert*™*? Soon after, STM revealed its potential and versatility and became an important
technique in chemistry, physics, biology, and material science for imaging and analysis of
surfaces. As STM is the main method used to obtain the results presented in the thesis at hand
the basic principles will be reviewed here. For a more detailed description the reader is

referred to’®"°

STM is based on the quantum-mechanical tunneling effect, which allows a particle (an
electron in the case of STM) to tunnel through a potential well, although in a classical
physical model its kinetic energy is insufficient to overcome the potential barrier. In STM,
the gap between tip and sample practically establishes this potential barrier. For STM
measurements, a sharp conducting, ideally monoatomic tip is used to probe the topographic
and electronic structure of the sample surface. Typical tip materials are tungsten or a 90:10
platinum:iridium alloy. The STM tip is fixed on a scanning unit that allows for a position and
motion control of the tip in in the three dimensions of space, i.e. X, y and z, with a precision
in the picometer regime, using piezo actuators. Piezo actuators are crystalline materials,
which reversibly change their spatial dimensions using the reverse piezoelectric effect, i.e.

they generate mechanical motion when an external electrical field is applied.

If the distance between tip and sample is in a range that allows for electron tunneling, i.e.
typically in the sub nm regime, the dependency of the tunneling clioerthis distancd is

simplified given by the proportional correlatfin
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U is the bias voltage applied between sample andztithe barrier height between sample

and tip, andne the mass of an electron.

This exponential term shows the extreme height (distance) sensitivity and thus high
resolution of surface corrugations in STM in the vertical z direction and allows for a
resolution in the sub A regime in this direction. On the other hand, this term also shows the
dependency of the tunneling process on the barrier héigittich to a first approximation is

the averaged value of the work functions of tip and sample. The property of the sample which
is primarily probed by STM is the local density of states, often reflecting the topography of
the investigated structure, but sometimes also the electronic structure of the object might
strongly contribute to the appearance in SPM Utilizing this, for STM measurements, the
samples are raster-scanned in order to obtain a map of the sample surface. There are two
different operation modes to conduct these raster scans: the constant-current and the constant-

height mode.

In constant-height mode, the vertical z position of the tip is kept constant during the

measurements and the tunneling current is recorded vs. the lateral tip position to obtain an
I(x,y) map. While this operation mode allows for high scanning speeds by disabling the

feedback loop, it is only applicable to very flat surfaces, since there is a severe risk of crashes
between tip and surface for higher surface corrugations. Due to this drawback, the second
operation mode is the primarily used one: In constant-current mode, the tunneling current is
kept constant by means of a feedback loop constantly adjusting the vertical position of the tip.
In this mode, the vertical tip position (z) vs. the lateral one (x,y) is used as representation of
the surface structure. Although measurements in this operation mode are slightly more time
consuming than for the constant-height mode, this drawback is compensated by the capability

of imaging much rougher surfaces.

All STM measurements presented in the thesis at hand were conducted in constant-current
mode, and the bias voltages given refer to the sample, i.e. when negative bias voltages are

applied, the STM is sensitive to the highest occupied molecular orbitals (HOMOS) of the
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sample. The STM images were processed with W8N a way that linear background

subtraction and Gaussian smooth has been applied for noise reduction.

2.2 The Substrate: Cu(111)

In order to understand the adsorption behavior of molecules on surfaces, the detailed
knowledge of the atomic arrangement and the electronic and chemical structure of the
substrate is crucial. For the studies presented in the thesis at hand, a Cu(111) surface of a
single crystalline Cu sample was used. Copper follows the general trend for coinage metals to
crystallize in a face-centered cubic (fcc) lattice (see Figure 2.1a). With a bulk lattice
parameter of 0.361 nm, the next neighbor distance of Cu atoms in the (111) plane is 0.255

nm, as shown in Figure 2.1b.

0.361 nm 0.255 nm

Figure 2.1: a) Face centered cubic (fcc) crystal unit cell of copper with indicated (111)
cutting plane. b) Top view on the resulting Cu(111) arrangement. ¢c) STM image of a freshly

cleaned Cu(111) surface and a corresponding LEED pattern (inlet).

The Cu(111) single crystal used in this thesis was purchased from MaTeck with a purity
>99.99 % and an alignment of <0.1° with respect to the nominal orientation. The cleaning of
the surface in UHV was achieved by repeated cycles of sputtering and annealian Ar
bombardment with a kinetic energy of 500 eV at a background pressure of Brxba® for

0.5 to 3 h, resulting in a sample current between 2 and 3 pA, was followed by an annealing
cycle; thereby the sample temperature was ramped up with 1 K/s to 850 K, held for 10 min

and ramped down to RT with 1/3 K/s. This rather slow preparation procedure was applied
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successfully to achieve larger terraces and fewer step edges. In addition, during the annealing
cycle cooling had to be applied to the manipulator to keep its temperature below 170 K in
order to prevent contamination of the Cu(111l) surface by desorbing species from the
manipulator. A representative STM image of a freshly cleaned Cu(111) surface is depicted in
Figure 2.1c, together with a corresponding low energy electron diffraction (LEED) pattern
with six spots in a hexagonal arrangement, characteristic for the three-fold symmetry of fcc

(111) surfaces.

2.3 The Porphyrinoids

Porphyrinoids or tetrapyrroles are a class of molecules which are composed of four pyrrole
groups, usually bridged by methine groups. These four groups are linked in a way that a
polycyclic aromatic structure is formed that obeys Hiickel’'s rule for aromaticity and thus
show extended, highly conjugatedsystem$® This complex polycyclic nature of the
tetrapyrroles results in a very complex IUPAC nomenclature, which explains the common
usage of trivial or semi-systematic names for these molecules. In general, the nomenclature
follows this scheme: the last part of the name describes the main macrocycle of the molecule.
In this thesis the two types of macrocycle used are porphyrin and porphycene. The difference
between both types is the linkage of the pyrrole groups. Within porphyrins, the four pyrrole
groups are connected in a highly symmetrical fashion via four methin-bridges. In contrast,
within porphycenes, the linkage of the pyrrole groups occurs asymmetrically. Here, two
pyrrole groups each are linked directly together, and the two resulting pairs of pyrrole groups

are linked via ethylene-bridges. Thus porphycenes and porphyrins are constitutional isomers.

One important aspect for the versatility of the molecules is the numerous possibilities for
attachment of peripheral substituents. At least for porphyrins and porphycenes these
substitution sites can be reduced to two types of sites: One is the substitution at the bridges
between the pyrrole groups. These are referred to as the meso-sites. The second possibility is
the substitution at the pyrrole groups themselves. While-8ites are occupied by the bonds

forming the macrocycle, th&positions are available for substitutith.
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Figure 2.2: Models of different molecules relevant for this thesis a) 2HTPP, b) 2HTTBPP, c)
2HTPPc.

All molecules used in the thesis at hand are highly symmetrically substituted. For the
porphyrins, the substitution was done at the meso-positions, while the substitution of the used
porphycene was done at ofigosition of each pyrrole group. Models with the substitutions
relevant for this thesis are shown in Figure 2.2. One substitution of the porphyrin (Figure
2.2a) and the porphycene core (Figure 2.2c) was done with four phenyl substituents.
Consequently, the molecules are referred to as tetraphenyporphyrin (TPP, see Figure 2.2a)
and tetraphenylporphycene (TPPc, see Figure 2.2c). The third type of molecule is a porphyrin
core substituted at the meso-positions withedi-butylphenyl groups (see Figure 2.2b) and

are thus referred to as tetrakistelit-butylphenylporphyrin (TTBPP). These molecules can
also be described as TPPs substituted with addititerebutyl groups at the 3 and 5

positions of each phenyl ring.

Another possibility for functionalization of these molecules is at the center of the
macrocycles. Here, the tetrapyrroles can either host two hydrogen atoms and are thus referred
to either as free-base or as 2H-porphyrins or 2H-porphycenes. In these cases, the macrocycle

consists of two pyrrole groups with attached hydrogens at the nitrogen atoms, forming an



12 Theoretical and Experimental Background

aminic functionality, and two pyrrole groups with nitrogen atoms without hydrogen, forming
an iminic functionality (see Figure 2.2 and 2.3a). The second possibility for these molecules
is the complexation of a metal atom. In this case, a metal atom is coordinated equally to all

four nitrogen atoms in the center of the molecule as shown in Figure 2.3b and c, and the

molecules are referred to as metal-porphyrin or metal-porphycene.

Figure 2.3: a) Model of a 2HTPP molecule. The anglgsi, and aamin describe the
inclination of the respective pyrrole rings out of the macrocycle plane, Whiéers to the
twist angle and to the tilt angle of the substituted groups. b) and c¢) show the metalation or

complexation of a metal atom into the central cavity of a 2HTPP molecule.

The sketches in Figure 2.2 suggest a completely planar conformation; however, the real
conformation of the molecules is non-planar and close inspection shows that it cannot be
planar due to the steric hindrance of the ortho-hydrogen atoms of the phenyl rings @&nd the
hydrogen atoms and, in case of the TPPc, the meso-hydrogen atoms. Hence, although the
molecules are rather rigid, they show certain degrees of freedom for deformation. These
deformation possibilities are indicated in Figure 2.3 and describe the actual conformation of
the molecules very well. In particular these are the rotation of the pyrrole groups out of the
molecular planex,y, or in the case of the free-base molecuigs andaamin, differentiated

for the iminic and the aminic pyrrole group. Besides these angles for the pyrrole groups, there
are also the tilt anglg¢ and the twist that describe the tilt of the phenyl side group out of the
macrocycle plane, or the rotation of the side group around-tiend between macrocycle

and side group, respectivey®>®’For a completely planar molecule all angles would be 0°



Theoretical and Experimental Background 13

For the adsorption of porphyrins on metal surfaces, a so-called saddle shape conformation of
the macrocycle is often reported. This saddle is formed by a deformation of the porphyrin
macrocycle in a way that two opposite pyrrole groups are tilted upwards, while the other two

are tilted downward 55 69, 71. 88

The TPPs investigated in this thesis were purchased from Porphyrin Systems with a specified
purity of 98 %, while the TPPc and TTBPPs were synthesized in the group of Prof. Norbert
Jux of the Chair of Organic Chemistry Il at the Friedrich-Alexander-Universitat Erlangen-
Nurnberg. The sufficiently low vapor pressure of tetrapyrroles along with their stability
allows for the preparation of clean molecule layers by sublimation at high temperatures under
UHV conditions, without decomposition of the molecules. The investigated molecular layers
were prepared by thermal sublimation form a home build Knudsen cell onto the substrate
held at RT. The intactness of the sublimated molecules was checked with a quadrupole mass

spectrometer (QMS).

2.4 The UHV-instrument

The UHV system used in the thesis at hand consists of two main chambers with one chamber
dedicated to sample preparation and the second one dedicated to the STM operation. Both
chambers are separated by a gate valve and operated at a base presser in tHenhar10
regime. Here the setup will be described briefly and the reader is refeff&tf amd® for

more details. The whole setup is isolated against low frequency vibrations by three Newport

1-2000 laminar flow stabilizers.

The preparation chamber is equipped with various options for sample preparation like a
SPECS IQE 11/12 sputter gun, an electron bombardment heating and two Knudsen cell
evaporators for organic materials. Both evaporators can be individually pumped and
separated from the preparation chamber by gate valves, which allows for fast load exchange
without breaking the vacuum of the main system. Additionally, for sample characterization
the preparation chamber is equipped witBRECS ErLEEDoptics for low energy electron
diffraction (LEED) and &Pfeiffer HiQuad QMG70Quadrupole mass spectrometer (QMS)

with a mass limit ofr/z = 2000.
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Figure 2.4: Scheme of the scan head touched down to the sample. Reprintél from

The second chamber housesRitK UHV VT STM 30&TM, which is constructed based on

the Besocke STM design A scheme of the STM, with the scan head located on the sample

is shown in Figure 2.4. The sample temperature can be controlled via radiative heating and a
flow cryostat in a temperature range from ~200 up to 500 K. The STM is equipped with an
RHK SPM 100@lectronics and a variable gain low no&eMTO DLPCA-20@re-amplifier

for measuring tunneling currents in the range of 10 to 50 pA
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3 Results & Discussion

In this chapter the most important results of the investigated systems will be discussed. A
more detailed discussion for these systems is given in the publications used for this
cumulative PhD thesis [P1-P4]. The publications are attached to the appendix. The aim of this
work is to identify general trends and effects of the adsorption behavior of porphyrinoids in
order to predict the influence of different modifications. To achieve this, first, a peculiar
aspect of the adsorption behavior of the prominent 2HTPP on Cu(111) will be investigated,
which is the coverage induced disorder/order transition [P1] (see Chapter 3.1). Next, the
influence of a modification of the central porphyrin macrocycle on the adsorption is
investigated. For example, row based supramolecular aggregates of 2HTPPc on Cu(111)
were explored and investigated, with the goal to unravel the specific interactions responsible
for the assembly in rows [P2] (see Chapter 3.2). Afterwards, the temperature induced
conformational and structural changes of the initially bimodal aggregates of 2HTTBPP on
Cu(111) will be addressed, with particular focus on the changes induced by the self-
metalation. [P3] (see Chapter 3.3). Finally, the thermally induced, reversible phase transition
of the metalated CoTTBPP on Cu(111) will be addressed [P4] (see Chapter 3.4).

3.1 Coverage induced Disorder/Order Transition of 2HTPP
on Cu(111) [P1]

This chapter addresses, the adsorption behavior of 2HTPP on Cu(111) at RT, with a focus on

the peculiar disorder/order transition at coverages in the regime of a closed molecular layer.

In numerous publications on the structures formed by TPPs adsorbed on (111) fcc coinage
metal single crystal surfaces, the formation of square ordered islands was*fotintf:*> 5%

55 66,69, 9395t was shown that these structures are stabilized by specific attractive
intermolecular interactionts * the so called T-type interactions. T-type interaction describes

a situation where a C-H group of a phenyl substituent of the TPP points edge-to-face towards

the center of therrsystem of a phenyl substituent of a neighboring moletuf® A
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schematic drawing of this interaction pattern is given in Figure 3.1la. For the adsorption

situations described before, typically a twist artyté about 60=% *°is observed.

Figure 3.1: Schematic drawings of the two possible interaction patterns for intermolecular

phenyl-phenyl interactions.

For the phenyl groups, a second type of interaction pattern is conceivable, the so-talled
stacking®™®’ For this aromatic interaction, the-systems of the phenyl groups of two
neighboring molecules have to be oriented in a way that the planes of the phenyl groups are
almost parallel. The schematic drawing of this interaction pattern can be found in Figure
3.1b.

Previous studies on the adsorption of 2HTPP on Cu(111) reported on an adsorption behavior
dominated by molecule-substrate interactibhg"* ¢ %9 clear indication for this is the
observation of individual, isolated molecules on the Cu(111) surface at RT even at very low
coverages. This behavior is illustrated in Figure 3.2a, where each molecule appears as two
longish parallel protrusions, with a depression in-between, which will be referred to as

“molecular axis”.
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Figure 3.2: Constant current STM images of 2HTPP on Cu(111) at different coverages; the
turquoise molecules represerit tayer molecules, the red one¥' Payer molecules and the
white ones % layer molecules. a) Isolated molecules at very low coveragg ¢J)-1.49 V,

Iset = 30 pA), b) 0.009 ML of 2HTPP s = -0.193 V, I = 11 pA), c) formation of
checkerboard structure involving'and 29 layer molecules (bbs = -1.05 V, Lei= 30 pA), d)
almost completely covered surface with checkerboard domains and SomgeBmolecules
present (Wias = +1.35 V, ket = 22 pA), €) average frame of a 39 image (13 min) STM movie,
where 1D diffusion is visible ¢ids = -1.49 V, L= 30 pA), f) average frame of a 51 image

(22 min) STM movie, where besides the 1D diffusion rotation of the molecules is vigible (U
=-193 mV, l« = 11 pA), g) average frame of a 60 image (23 min) STM movie, where the
dynamics of the checkerboard structure is visible. The white oval marks a region where
frequent molecular movements occur during the movigs(d -1.05 V, L& = 30 pA), h)
average frame of a 26 image (10 min) STM movie; here the average frame is identical to
each of the single frames of the movigifd& +1.35 V, ket = 22 pA). a)-d) are individual

frames of the movies averaged in e)-h). The scale bars correspond to 4 nm.

This dark molecule axis intersects the molecules along the two aminic pyrrole groups and is
aligned to one high symmetry direction of the substfate.addition, the molecules were
found to slowly diffuse along these directions at RT, which becomes evident from the
elongated shape of the molecules along the molecular axis in the average frame of a time
lapse series of STM images shown in Figure 3.2e. It was shown that the molecules can
change their orientation to another high symmetry direction at elevated temperatures. The
resulting activation energy barriers were determined by Buchner et alEp=56.71 + 0.08

eV for diffusion ancE; = 1.28 + 0.12eV for rotatioff

Increasing the coverage to 0.009 ML of 2HTPP (1 ML defined as 1 molecule per surface
atom) results in the situation shown in Figure 3.2b and f. The situation is similar to the
previous coverage, i.e. adsorption as individual molecules, no supramolecular ordering, and
diffusion along the close packed substrate rows. However, the increased coverage reduces the
free surface area per molecule, resulting in a hindered one-dimensional diffusion and a
reduced average diffusion length. Occasional collisions of molecules allow for sufficient
momentum transfer to some molecules to overcome the energy liareeen at RT and

change their orientation towards another high symmetry direction of the substrate. This
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becomes evident from the average frame of a time lapse series of STM images, shown in
Figure 3.2f, where the diffusion paths of some molecules are not completely linear and

changes in the diffusion direction are present.

For the adsorption situations discussed so far, it was found that the molecules are lying
almost flat on the surface with a twitgled of the phenyl rings of only 26®, which does

not allow for intermolecular T-type interactidfs

When the total coverage exceeds ~ 0.020 ML, molecules with increased apparent height and
a different molecular appearance are observed (see Figure 3.2c). These molecules, which will
be referred to as'?layer molecules, no longer show the parallel rod like shape, but appear as

four protrusions (color-coded red in Figure 3.2) Further increase of the coverage results in the
formation of a well ordered checkerboard like structure, as depicted in Figure 3.2c, d, gand h

and in Figure 3.3.

Within these ordered domain&®2ayer molecules (4 red protrusions per molecule, indicated

by the solid circle in Figure 3.3) and' layer molecules (turquoise, indicated by the dashed
circle in Figure 3.3) arrange in a checkerboard-like structure, where each molecule is
surrounded by four molecules of the other type. The lattice vectors for this peculiar
superstructure are shown in Figure 3.3 and were determinedate Bel2 + 0.03 nm anl =

1.74 = 0.05 nm, with an angle gt 90° + 5°. Another interesting feature of the checkerboard
structure is that within one domain all molecules, i*eardd 39 layer ones, are oriented with

their molecular axes along the same high symmetry direction of the substrate (cf. Figure 3.3).
A detailed analysis shows that there are a total of three pairs of chiral domains existing. [P1]
Assuming that the®ilayer molecules within the checkerboard domains persist the orientation

of the individual ones at low coverage, the substrate rows can be represented by the parallel
orange lines in Figure 3.3d), showing that all molecul&safid 2° layer ones) adopt an
equivalent position towards a substrate row. The next aspect to be addressed is the number of
molecules per unit cell. Two scenarios could be possible: one, wh&téage2 molecule sits

on top of a first layer one (porphyrin “sandwich”, see Figure 3.4a) and the other one, where a

2" layer molecule bridges fouf'layer molecules (see Figure 3.4b).
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Figure 3.3: Constant current STM images of a checkerboard domain in (a, b) ‘normal’
contrast (Wias=-1.14 V, Let= 46 pA) and (c, d) in a contrast adjusted to depict the turquoise

1% layer molecules with their typical two parallel rod like shapg¥ -0.92 V, L= 19

pA). b) and d) show superimposed scaled space filling models to the STM images. The model
visualizes the stabilization of the checkerboard structure by T-type interactions (indicated by
a black T) andz 7zstacking (black parallel lines). The solid circles mark*al2yer molecule

and the dashed circles &'layer one. The orange lines in d) represent neighboring close

packed atomic rows of the substrate in one high symmetry direction.
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a) .
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b) “bridging“
I
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Figure 3.4: a) and b) schematically show the two possible arrangements of 2HTPP
molecules in checkerboard domains. c) gives a top and a side view of scaled model§ of the 1

and 29 layer molecules in the checkerboard structure, highlighting the T-type interactions.

Due to the missing contributions of the molecule below tiel&er one in case of the
“sandwich” arrangement, and the height difference of only 0.8 A betw®emd. 2 layer
molecules, the “sandwich” arrangement can be ruled out. (For a more detailed discussion see
[P1].) Additional proof for the bridging arrangement of the checkerboard domains stems from
metalation experiments. Upon heating 2HTPP adsorbed on a Cu(111) surface, in-situ self-
metalation with Cu substrate atoms to CuTPP od®fi's**°In Figure 3.5a, the situation is
shown after deposition of about 0.030 ML of 2HTPP, which resulted in a surface completely
covered with checkerboard domains. After annealing to 400 K for 33 min, the surface is
almost completely covered with large, square ordered domains that can be assigned to the
formed CuTPP (see Figure 3.5b). Please note that the nominal coverage for a closed layer of
CuTPP on Cu(111) is 0.033 ML. The insufficient coverage for a closed layer of the
“sandwich” structure (0.045 ML would be required) and the perfect agreement in coverage

after metalation proofs the existence of the bridging arrangement.
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Figure 3.5: Constant current STM image of 0.030 ML 2HTPP on Cu(111) a) before and b)
after annealing to 400 K. a) 2HTPP ifi‘ turquoise), ¥ (red) and ' layer (white) (Wias =

1.35 V, let = 22 pA), b) the metalated CuTPP (red and yellow) forming square ordered
islands. The turquoise molecules especially in the region marked with the white oval are
residual non-metalated 2HTPPsgid = -1.05 V, Let= 28 pA).

In order to obtain a deeper understanding of the interactions stabilizing the checkerboard
arrangement, the STM image in Figure 3.3a was superimposed with molecule models of
2HTPP in Figure 3.3b. Thereby, the yellow species represents"thay2r molecules
(indicated by the solid circle) and the light gray species tHayer molecules (indicated by

the dashed circles). For the intermolecular conformations of'taed 2% layer molecules in

the checkerboard structure, the intramolecular conformations determined by Dill&} fer al.
submonolayer 2HTPP on Cu(118)% 20°, apy = 40° andai, = 60°) and multilayer 2ZHTPP
molecules § = 55-60°,a,, = 40° andain = 40°) were used. Inspection of the models in
Figure 3.3 reveals that thé%dayer molecules are arranged such that the phenyl groups of
neighboring molecules along the short lattice direchasre oriented almost parallel, with

only a small intersecting angle between the planes of the two phenyl rings. This geometry
suggests that the supramolecular structure within théager is stabilized viarTestacking
interactions. The other two phenyl groups of tA&l&er molecules, oriented along the long
lattice vectora are arranged towards phenyl groups dfalyer molecules in a way common

for T-type interactions, i.e. the C-H bond in meta position of f‘ﬁdager phenyl ring points
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perpendicular towards the center of tfildyer phenyl ring. This postulated stabilization via
TeTEStacking between"2 layer molecules and T-type interactions betwe®rmrid 2¢ layer
molecules is supported by the dynamic behavior of the checkerboard domains at RT (see
Figure 3.2g and h). In these average frames of time lapse series, the areas of larger, well-
ordered checkerboard domains appear as sharp as in the corresponding single frames (see
Figure 3.2c and d), indicating that the situation is static. In contrast, the lower coordinated
and thus less stabilized®dayer molecules are still mobile, as can be seen by the reduced

intensity of the ¥ layer molecules in the marked region in Figure 3.2g.

Finally, at coverages higher than ~0.030 ML, molecules in thier can be observed as
depicted in Figure 3.2d, where they are color-coded as white spots at the void locations
between checkerboard domains. The contrast-optimized magnification (Figure 3.2d, inlet)
shows that these molecules maintain the four spot appearance 8t kiye? molecules and

that the ordering of the checkerboard domains is not continued towards higher layers.
Interestingly, the average frame shown in Figure 3.2h is identical to each single frame of the
corresponding STM movie, indicating that th@ Byer molecules are pinned and do not

diffuse over the surface.

In conclusion, upon increasing the coverage of 2HTPP on a Cu(111) surface, the transition
from a disordered phase towards a highly ordered phase stabilized by a peculiar interaction
pattern is found. This ordered checkerboard phase is stabilizadtstacking interactions

between ¥ layer molecules and T-type interactions betweartd 29 layer molecules.
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3.2 Ordering of 2H-tetraphenylporphycene on Cu(111) [P2]

After discussing the adsorption behavior and the structures formed by 2HTPP adsorbed on
Cu(111) (see previous section) the influence of variations of the macrocycle shall be
addressed. The molecule of choice is 2H-tetraphenylporphycene (see Figure 2.2c), a
structural isomer of 2HTPP. Recent low temperature STM studies on the unsubstituted
porphycene backbone on Cu(110) revealed a situation, where the molecules adsorb with the
molecule plane parallel to the substrate surface plane and develop strong interactions between
the iminic N atoms of the molecules and Cu atoms of the sub¥¥atéThus similarities in

the adsorption behavior of 2HTPPc and 2HTPP are to be expected.

Initially, at low coverage the step edges of the Cu substrate are decorated with molecules, as

shown in Figure 3.6a.

a)

Figure 3.6: a) Constant current STM image at low coverage of 2HTPPc on Cu(111),
displaying step decoration (ds = -0.77 V, L= 30 pA); b) Medium coverage of 2HTPPc
(lower left inlay) with co-deposited 2HTPP (top right inlay) on Cu(111). 2HTPPc forms
islands while 2HTPP adsorbs mainly as individual isolated moleculgg ¢J-1.14 V, L=

30 pA).
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Such an adsorption behavior is common for systems with rather weak molecule-substrate
interactions and molecules diffusing over the surface, as e.g. 2HTPP on ,&E;(Ilhﬂa)step
decoration is a strong indication for the adsorption at the step edges being energetically
favorable due to the increased coordination at the lower side of the step. The accumulation of
molecules at the step edges in combination with the fact that no isolated molecules are found
on the terraces is a strong indication towards fast diffusion on the surface. The fact that no
supramolecular arrangements are found on the terraces indicates that the molecule-substrate

interactions are insufficient for the stabilization of such arrangements’atR¥*

At higher coverages, 2HTPPc forms ordered supramolecular arrangements on the terraces, as
shown in Figure 3.6b. Note that the situation shown in Figure 3.6b is a coadsorption of
2HTPPc and a low fraction of 2HTPP. As discussed in section 3.1 and reported in Itrature

“1 2HTPP appears as two elongated parallel protrusions that are oriented along the high
symmetry directions of the substrate. Thus, 2HTPP is a good indicator for the

crystallographic directions of the surface (red arrows in Figure 3.6b).

Inspection of the 2HTPPc island reveals that it consists of parallel molecular rows along one
of the main crystallographic directions and is surrounded by surface areas with elevated
height. This observation, which is made for similar adsorption systems &% &t 1% can

be explained by molecules diffusing over the surface much faster than the scanning speed of
the STM tip. In this regard, the supramolecular assembly into islands can be interpreted as a

condensation proce$s'®

Before discussing the supramolecular arrangement in detail, the appearance of a molecule has
to be analyzed first: A close-up STM image of a 2HTPPc molecule within a supramolecular

arrangement is shown in Figure 3.7, along with a scaled model overlay.

Each molecule appears as a pair of bow-shaped protrusions connecting two more intense
protrusions each. The two bows frame a depression through the center of the molecule, which
will be referred to as the molecular axis in the following. A common observation for STM

investigations of similar molecules is the independence of the molecular appearance on the

bias voltage in a range of several véfts.
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Figure 3.7: Close up constant current STM image of one 2HTPPc molecule (left), and the
same image overlaid with the corresponding, scaled space filling model (right). <229
mV, ge[: 30 pA)

As this effect is observed for 2HTPPc on Cu(111) too, it is safe to assume that the STM
images reflect to a large extent the actual topography of the molecules. The overall
appearance of the molecules represents a rectangular shape, as indicated in red in the left
panel of Figure 3.7. Since this shape is in good agreement with the diameter and the aspect
ratio of a molecule model with a flat macrocycle, it is possible to attribute the different
protrusions to different parts of the molecule: The four intense protrusions in the periphery of
the molecule are caused by the four phenyl groups of the 2HTPPc. The less intense links
between these protrusions are assigned to the pyrrole groups, and the central cavity represents
the molecular axis intersecting the ethylene bridges. This assignment is represented in the
right panel of Figure 3.7. Due to some minor deviations between the completely flat model
and the dimensions derived from STM images a slight kinking of ~5° along the molecular

axis is deduced.

In the next step, the supramolecular arrangement will be discussed. A representative STM
image of a supramolecular arrangement is shown in Figure 3.8, together with the results of

the following analysis.
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Figure 3.8: Constant current STM image of a typical supramolecular 2HTPPc assembly. The
molecules in the highly ordered rows are indicated by red arrows and the ones of the less
ordered rows with orange arrows. The intermolecular T-type interactions are indicated by
the green squares and rectangles, giving rise to the two different structural motives. For
further illustration the arrangement is shown with space filling modelgas(®-229 mV, de

= 30 pA)

For illustration of the orientations of the molecules, their molecular axes are indicated with
arrows. As pointed out before, the molecules are arranged in parallel rows. Figure 3.8 reveals
that there are different types of rows: Some rows are highly ordered (indicated by red
arrows), i.e. all molecules within such rows are oriented the same way, which is an
orientation of the molecular axes of 15° towards the rows main direction. Please note that for
each domain all molecules in all highly ordered rows are oriented identically. This peculiar
behavior automatically results in the existence of mirror domains, where the molecular axes
are oriented 15° clockwise in one domain and 15° counterclockwise in the mirror domain.
These highly ordered rows are separated by less ordered rows (indicated with orange arrows),

where the molecules adopt two different azimuthal orientations.

In the less ordered rows, two different orientations can be found, which depend on the
azimuthal orientation of the molecules in the highly ordered rows: Considering that the
molecules in the highly ordered rows are oriented 15° clockwise towards the primary
direction of the rows, then the orientations found in the less ordered rows are 15°
counterclockwise and 75° clockwise. For the orientations of the corresponding mirror domain
clockwise and counterclockwise would be inverted. As the main direction of the rows

coincides with one high symmetry direction of the substrate, and due to the threefold



28 Results & Discussion

symmetry of the substrate lattice, all molecules are oriented 15° towards one high symmetry
direction of the substrate. In addition, the two orientations present in the less ordered rows

occur in a ratio close to 1:1, indicating the energetic equivalence of both orientations.

Detailed analysis on the distribution of the different rows within one domain shows that
highly ordered rows are never found next to each other. They are always separated by either
one or two less ordered rows. In order to understand this peculiar arrangement a detailed
inspection of the molecule-substrate interactions and the intermolecular interactions is
necessary. The molecule-substrate interactions were partially discussed above. However, if
the orientation of the molecular axis of 15° towards the high symmetry direction of the
substrate would be the only contribution, one would anticipate finding all six possible
orientations for molecules within one domain. As this is not the case, the limitation to only
three orientations per domain must be caused by the intermolecular contributions. The scaled
model of the supramolecular arrangement in Figure 3.8c shows that these intermolecular
interactions are mediated via the periphery of the molecules, which are the phenyl
substituents. For phenyl groups, in general two types of aromatic interactions are possible
(see illustration in Figure 3.1). Simpten-stacking®®’ can be ruled out, as the geometry of

the phenyl groups in the STM images in Figure 3.8 does not fit this type of interaction.
Instead, T-type interactions are proposed, which were previously found to be the main
contribution to intermolecular interactions in similar adsorption systetfid™!! Burley et al.
reported typical distances of 4.5 to 7 A and intersection angles of 50 to 90° for T-type
interactions in biomolecul&®. Upon close inspection of the supramolecular arrangement,
two interactions pattern were found (see Figure 3.8): At the junctions of a less and a highly
ordered row, a triangular T-type interaction pattern with one additional interaction is found as
indicated by the triangle with one leg in Figure 3.8b and c. With distances of 5.0 to 6.5 A and
an intersection angle of 60° this geometry is indeed suitable for T-type interdctioms
contrast, at the junctions of two less ordered rows, a rectangular T-type arrangement is found,
as indicated by the squares in Figure 3.8b and c. This pattern with distances between 5.5 and

6.5 A and an intersection angle of 90° is well suited for T-type interactions, too.

Another interesting fact of this peculiar arrangement is the dynamic behavior of the 2HTPPc
molecules within the domains: In the highly ordered rows the molecules are static, while the
molecules in the less ordered rows can occasionally switch between the two orientations. This
is illustrated in Figure 3.9 where three consecutively recorded STM images of the same

region of the surface are shown. While the molecules in the highly ordered rows (indicated
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with red arrows) always exhibit the same orientation, the molecules in the less ordered rows

(indicated with orange arrows) occasionally change their orientation from image to image.

Figure 3.9: Three consecutive STM images of the same surface area. The molecules in the
highly ordered rows are indicated with red arrows, while the orange arrows indicate
molecules of the less ordered rows. From a to ¢ each indicated molecule in a less ordered
row changes its orientation once. Additionally the separation of the higher ordered rows (red
arrows) changes from a to b and from b to G,i{d¥ -229 mV, = 30 pA,4t = 14 s)

The series of STM images also documents another dynamic aspect of the 2HTPPc domains,
namely the systematic rearrangement of whole rows. This effect can be identified by the
varying distance between the two highly ordered rows marked in red in the different images.
Although this rearrangement occurs very rarely, it has to be a fast process, as it occurs in-
between two scans and in the images the situation always appears to be static, i.e. there are no

distorted molecules or intersections of rows visible.

When following the dynamic evolution of the 2HTPPc domains at RT over time, a clear
systematic trend is identified: while shortly after deposition, the highly ordered rows are
predominantly separated by one less ordered row (see situation in Figure 3.10a), after a few
days, the highly ordered rows are predominantly separated by two less ordered rows (see

situation in Figure 3.10b).
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Figure 3.10: Representative constant current STM images of 2HTPPc domains right after
deposition (a, blas=-0.89 V, L= 30 pA) and after storage at RT for 1 week (Bad¥ -113
mV, ket = 33 pA). The red arrows indicate the molecules of the highly ordered molecular

rows.

This temporal evolution (one less ordered row separation changing to two rows separation)
indicates a rather small energy difference between both structures and a kinetic stabilization
(at least partially) of the initial situation with a separation of one less ordered row. One
explanation for this peculiar behavior can be found in the registry with the substrate: While
the distance of two highly ordered rows separated by one less ordered row was found to be
2.96 £ 0.06 nm, which corresponds to 13.5 Cu substrate rows, the distance increases for the
two rows separation situation to 4.44 = 0.07 nm, which corresponds to 20.0 Cu substrate
rows. Hence, the better registry for the latter case, where every highly ordered row adopts a
similar adsorption site, compared to only every second one for the first case, could be
responsible for the structural rearrangement. In addition, it is likely, that the quadratic T-type
interaction motive is energetically more favorable than the triangular one (90° vs. 60°). As
the quadratic motive only exists for two neighboring less ordered rows this would also favor
the structural rearrangement towards the situation where highly ordered rows are separated by

two less ordered ones.
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In conclusion, 2HTPPc forms supramolecular arrangements consisting of parallel rows
oriented along one high symmetry direction of the substrate. The uncommon aspect of the
formed arrangements is the presence of several orientations of 2HTPPc¢ within one domain,
resulting in the formation of molecular rows with different degrees of order. This adsorption

behavior is explained by a subtle interplay of intermolecular T-type interactions and attractive

molecule-substrate interactions.
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3.3 Temperature Dependent Supramolecular and
Conformational Changes of 2ZHTTBPP on Cu(111) [P3]

In this chapter, the changes of conformation and long-range order of 2HTTBPP upon
metalation to CuTTBPP on Cu(111) will be discussed. Upon metalation, the molecules are
subjected to massive conformational changes together with changes of the distance between

molecule and substrate due to altered molecule-substrate interactions.

The adsorption of free base porphyrinoids on Cu(111) often results in very peculiar molecular

conformations and supramolecular arrangements due to the strong interaction between the

iminic nitrogen atoms of the molecules and Cu atoms from the suBtfatd ®* Figure
3.11a shows the result for adsorption of 2HTTBPP on Cu(111) at RT.

Figure 3.11: Constant current RT STM images of ordered islands of a monolayer of
2HTTBPP on Cu(111) prepared at RT, after different heat treatments: (a) bimodal
appearance observed for the as prepared layer (U=+1.3 V, 1=30 pA); (b) transition phase
from bimodal to monomodal hex A phase after heating for 10 minutes at 330 K (U=+1.3 V,
I=30 pA); (c) fully developed hex A phase after heating for 2 minutes at 360 K (U=+1.8 V,
=30 pA); (d) monomodal hex B phase (U=-1.8 V, 1=30 pA).
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The obtained supramolecular arrangement exhibits a bimodal appearance formed by
alternating rows of molecules with a convex or concave intramolecular conforfiatipon
heating, the supramolecular arrangement undergoes massive transformations as shown in
Figure 3.11b-d. After heating to 330 K for 10 min, the onset for the transformation of the
bimodal to a monomodal structure (referred to as hex A) is found, as shown in Figure 3.11b.
After this first conformational change, the molecules appear as two pairs of protrusions with
different intensity. The first molecules adopting this new conformation are found at
dislocations of the bimodal row structure. Prolonged heating to 330 K or increased heating
temperature (e.g. heating to 360 K for 2 min) result in a total conversion of the bimodal to the
hex A structure. This situation is shown in Figure 3.11c. After heating to 450 K for 2 min,
another supramolecular arrangement (referred to as hex B) is formed, which is shown in
Figure 3.11d.

The following analysis will address the reasons for the observed transformations. One
important feature of free base porphyrins on a Cu substrate is the so-called self-metalation
reaction>® ®*®2The smaller 2HTPP was found to metalate on a Cu(111) surface to CuTPP,
already at temperatures slightly below 409. Kence a similar reaction is to be expected for
2HTTBPP, too.

In this respect X-ray photoelectron spectroscopy (XPS) is a helpful tool as it can monitor the
changes of the chemical nature of the N atoms in the N 1s region. The XPS measurements
reveal that upon heating the sample to 350 K and above, metalation of 2HTTBPP to
CuTTBPP occurs. (For details see [P3].) The correlation of XPS and STM data shows that
the hex B phase, which is found to be the exclusive structure after heating to 450 K for 2 min,
where a total conversion to CuTTBPP occurred, consists of pure CuTTBPP. For situations,
where partial metalation is observed in XPS, coexisting domains are found. In these
situations, the ratio of hex B found in STM is in good agreement with the degree of

metalation determined by XPS.

In order to gain a better understanding of the nature of the observed supramolecular
arrangements, the structures will be investigated using high resolution STM images, partially
overlaid with scaled molecular models exhibiting the deduced molecular conformations. The

results are shown in Figure 3.12.
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RT 2min @ 2 min @
360K | 450 K

Figure 3.12: Overview of the observed supramolecular porphyrin phases and the derived
molecular models on Cu(111): (a-h) bimodal phase of 2HTTBPP as prepared at room

temperature. (i-n) hex A phase of 2HTTBPP after heating to 360 K for 2 minutes. (0-s) hex B
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phase of CUTTBPP after metalation. The scanning parameters are: (a) U=+1.3 V, 1=30 pA,
(b-f) U=+1.8 V, I=25 pA; (i-m, o-r), U=+1.8 V, 1=30 pA; (a) 35.0x35.0 Antb, i, k, 0, p)
13.5x13.5nM (c, d, f, g, |, m, g, r) 2.5x2.5 fm

It is well known for TTBPP molecules on different substrates that their appearance in STM is
dominated by the four upper mastt-butyl groups**“® 88 1%rhesetert-butyl groups form

a rectangle that allows to deduce the twist afdgb@sed on the aspect ratio of the rectangle
and the tilt angled based on the perimeter of the rectangle. More details on this method can
be found in*> 8’ The parameters deduced for the supramolecular arrangements are given in
Table 3.1. In addition, the two intramolecular conformations in the bimodal phase were

confirmed by STM simulatiofi§

Table 3.1: Summary of the supramolecular and intramolecular geometrical values extracted
from STM data; a, b: lattice parameters, angle between lattice vectors; molecular
density, s and | experimentally determined s and | valiethe twist angle of the phenyl

groups,¢: the corresponding tilt angle.

Phase a[nm] b [nm] a ] P s[nm] | [nm] 01°] 4[]
! [molecules/
nnt)

bimodal | 1.90+0.10 | 2.00+0.06 60+bH 0.30 0.70+0/1  1.25+0.1 515 35
15

hex A 1.75+0.10 | 1.92+0.10 68+b 0.32 0.57+0J1 1.07+0.1 35/1Q#5 (35
15

hex B 1.81+0.10 | 1.85+0.05 60+5 0.35 0.87+0.05 1.12+0.05 75 15 545

Ditze et al. recently investigated the bimodal structure in great Hewfithin the bimodal
structure all molecules, i.e. the convex and the concave ones, adopt the same molecular
conformation withd = 5 £ 5° andg = 35 = 5°. The resulting conformation resembles the
shape of a bowl. Whether a molecule is a convex or concave one is determined by the
orientation of the molecule towards the substrate: upright standing molecules resemble the

concave conformation (Figure 3.12c, e, g), while upside down molecules resemble the
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convex conformation (Figure 3.12d, f, h). While the concave conformation is in line with the

strong attractive interaction between iminic nitrogen atoms and the Cu substrate, i.e. the
nitrogen atoms are positioned close to the substrate, this is not the case for the convex
conformation. The energetic analysis of the bimodal structure instead revealed that the

convex conformation is stabilized by entropic contribuffans

After the transformation to the monomodal hex A structure, conformation and orientation of
the molecules, especially their macrocycle, are very similar to the concave conformation. The
main difference is that for the hex A structure tég-butyl phenyl groups are significantly
twisted out of the porphyrin plane upfic= 35 = 5°. Figure 3.12n suggests that the distance

of the N atoms of molecules in the hex A conformation to the substrate is similar compared to
the concave conformation in the bimodal phase. As the molecules in the hex A phase are not
yet metalated, the center of the molecule can be assumed to be similar to the concave
situation, too. Thus the interactions between hex A molecules and the substrate should be
similar to the interactions for the concave molecules. Besides that, the stronger rotation of the
sidegroups allows for a better interlocking of the sidegroups of neighboring molecules. This
also results in a reduced molecule-molecule distance and a higher packing density (bimodal:
p = 0.30 molecules/nfn hex A: p = 0.32 molecules/nfh These findings indicate an
additional stabilization of the supramolecular arrangement by attractive interactions between
the tert-butyl groups of neighboring molecules. Due to the irreversibility of the
conformational transition to hex A, this structure seems to be energetically more favorite than
the bimodal arrangement, but the transition is an activated process, i.e. an activation barrier

has to be overcome.

Further heating results in the metalation of the 2HTTBPP and the transformation into the hex
B structure, as shown in Figure 3.11d and Figure 3.120, p. Unlike the previous
conformations, the macrocycle of the CuTTBPP molecule in the hex B phase is almost flat,
while the tert-butylphenyl groups are rotated almost perpendicllar {5 + 5°) to the
molecule plane. This results in a larger distance of the porphyrin core from the surface (cf.
Figure 3.12s), indicating reduced molecule-substrate interactions compared to the concave or
hex A conformation. Interestingly, the intramolecular conformation found for hex B is very

similar to the one expected for the isolated molecule in the gas pka®e; ¢ = 0):*
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In conclusion the bimodal structure formed by 2HTTBPP upon adsorption on Cu(111) at RT

transforms into the more stable hex A phase upon mild annealing. Further annealing results in
the self-metalation with Cu substrate atoms to CuTTBPP, which is accompanied by drastic
reduction of the attractive molecule-substrate interactions resulting in a conformation where

the molecule is lifted from the substrate.
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3.4 Temperature Dependent Reversible Phase Transitions
of CoTTBPP on Cu(111) [P4]

In the following, the adsorbate structures formed by CoTTBPP on Cu(111) will be discussed,
with particular focus on the changes upon temperature variations. The results will also be

compared to the ones obtained for the same molecule on Agf111).

The adsorption behavior of CoTTBPP upon coverage variations follows a well-known

scheme: Initially, at low coverage the step edges of the substrate are decorated with
molecules first. A representative STM image of molecules decorating a step edge is shown in
Figure 3.13a. The preferred adsorption can be explained by the step edges representing
energetically favorable adsorption sites due to the lower coordination of the substrate atoms

there, compared to the ones of the terraces.

The close up view on three CoTTBPP molecules adsorbed at a step edge shown in Figure
3.13b demonstrates the actual conformation of the molecules: For the tunneling parameters
applied for recording this image the molecules appear with a central protrusion, caused by the
d- orbital of the Co atom. (For a more detailed discussion of the voltage dependent
appearance of CoTTBPP in STM see [P4].) Each central protrusion is surrounded by eight
smaller protrusions originating from the eigétt-butyl groups of the molecule. The position

of the Co atom right at the step edge and the reduced intensityteftthatyl groups on the

lower side of the step suggest that the CoTTBPP molecules bridge the lower and upper
terrace. A similar bridging behavior was observed for the similar tertiary-butyl-

metoxyphenyl-porphyrin befor&®

In addition, Figure 3.13a and d show clear indications for fast diffusing molecules on the
terraces, i.e. the stripy features in a and the elevated background in d are due to molecules
diffusing much faster over the surface than the movement speed of the STM tip. This
observation is a strong indication for not very site specific molecule-substrate interactions

resulting in a low diffusion barrier for the molecules on the terraces.
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Figure 3.13: Coverage dependent adsorption behavior of CoTTBPP on Cu(alkrep
decoration at low coverage (U = +1.03 V, | = 29 pAj) close up on three molecules

decorating a step edge; the center molecule is indicated by a white frame (U =-0.4V, | =29
pA).c) close up on a supramolecular arrangement pursuing over a step edge (U = +1.30, | =
36 pA).d) island formation at medium coverage (U = +1.22 V, | = 23 pd)completely
covered surface at low resolution (U = +1.34 V, | = 35 pA).

Higher coverages result in situations as shown in Figure 3.13c and d where the formation of

well-ordered supramolecular hexagonal arrangements of molecules is observed. Since all
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molecular islands were found to be in contact with at least one step edge, it can be assumed
that the step edges act as nucleation site for the formation of the islands and also contribute to
their stabilization. Another peculiar observation is shown in Figure 3.13c, where the
hexagonal arrangement of a molecular island persists across a step edge. Due to the threefold
symmetry of substrate and adsorbate domains, and the alignment of the latter according to the
substrate (c.f. the step edges acting as nucleation sites for the island formation), all islands
exhibit the same supramolecular hexagonal arrangement at RT up to a coverage of a closed

layer. This situation is shown in Figure 3.13e.

Next, the supramolecular arrangement, and the molecular conformation will be discussed:
High resolution STM images of CoTTBPP molecules in this hexagonal arrangement at RT,

partially overlaid with scaled models are shown in Figure 3.14a-d.

As the images shown in this figure are recorded at a bias voltage of about +1 V, the

molecules appear with a central depression and only the eight protrusionstertt-they!

groups, surrounding the central depression, are visible. All eight protrusions appearing with

similar height suggests an adsorption geometry of the molecule with the phenyl groups

parallel to the surface plane. Further, two more, less intense protrusions closer the center of
the molecule are visible in Figure 3.14c, which can be assigned to upward bent pyrrole

groups. This conformational feature indicates a so called saddle-shaped distortion of the

macrocycle, which is observed for phenyl meso-substituted porphyrin defivied>108

From the STM images, the conformation of a TTBPP molecule, more precisely tigé tilt (
and twist @) of the ditert-butyl-phenyl substituents can be evaluated, based on aspect ratio
and circumference of the rectangle formed by the four most interidgutyl protrusions of

each molecule. For details on this method the reader is referred to Section %:3’a8dch
rectangles used for analysis are shown in red in Figure 3.14b and f. The results of the analysis
are reproduced in Table 3.2 and are represented in the models overlaid to the STM images in
Figure 3.14.
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Figure 3.14: High resolution STM images of the two observed arrangements demonstrating
the different supramolecular arrangements and molecular conformatiangiexagonal
arrangement,b) overlaid with space filling models;) single molecule of the hexagonal
phase,d) overlaid with a space filing model and additional side view of the molecular
conformation (a)-d): U = +1.31 V, | = 36 pA, T = RT@) herringbone arrangement)
overlaid with space filling modelsj) single molecule of the herringbone phdsepverlaid

with a space filling model and additional side view of the molecular conformation (e)-h): U =
+1.26 V, 1 = 23 pA, T =180 K).

Table 3.2: Summary of the supramolecular and intramolecular geometrical values extracted
from STM data; a, b: lattice parameters, angle between lattice vectors; molecular
density, s and | experimentally determined s and | valtiethe twist angle of the phenyl

groups,¢: the corresponding tilt angle.

a b a p | S 0| ¢
[nm] [nm] [T | [Mol/nm? | [nm] [nm] | [ | [

Hexagonal | 1.97+0.042.07+0.02| 59+1 0.28 1.37+0.05 0.7+0.05| 10 5

Herringbone| 1.9+0.06 | 1.77+0.0460+1 0.34 1.25+0.07 0.63+0.06| 10 | 30

The derived values of a tilt of 5° and a twist of 10° confirm the first impression of an almost
flat molecule mentioned earlier. As the interactions between molecule and substrate are not
very site specific, the formation and stabilization of the supramolecular arrangements has to
be driven by intermolecular interactions. Judging from the close proximiterebutyl

groups or protrusions of neighboring molecules in the STM images and the scaled model
overlay shown in Figure 3.14b, the stabilizing interactions are proposed to be van der Waals

forces.

In the next step, the influence of the sample temperature on the adsorbed molecules and the
formed supramolecular structures will be discussed. Starting with the hexagonal arrangement
obtained at RT, the mobility of the molecules increases upon heating as the total energy
increases. This process continues up to about 440 K, where the molecular ordering is
destroyed irreversibly. Most likely, dehydrogenation occurs at this temperature, which was

reported to occur at similar temperatures for related sy$teffg*® Such a dehydrogenation
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reaction usually occurs on the energetically unfavorable, sterically hindered positions first,
resulting in drastically different conformations due to the formation of additional bonds. With
this new conformation the mutual stabilization observed for the hexagonal arrangement at RT

is no longer possible.

Interestingly, the reduction of the sample temperature below 220 K results in the formation of
a new herringbone structure that coexists with the hexagonal one between 180 and 220 K.
This coexistence of phases, as well as the reversibility of this phase transition is shown in
Figure 3.15. Please note that 180 K is the minimal achievable operating temperature for the
STM setup used to obtain these results and thus the investigation and analysis of the thermal

evolution could not be expanded to lower temperatures.

The ratio of hexagonal and herringbone phase depends on the actual temperature, which is to
be expected. With reduced temperature the herringbone phase fraction increases. At 180 K
approximately 65 = 5 % of all molecules forming supramolecular structures are in the

herringbone phase.

Details on the herringbone structure are shown in Figure 3.14e-h. Although the general
appearance of a molecule is similar to the one already discussed for the hexagonal phase, i.e.
eight protrusions surrounding a central cavity, the intramolecular conformation is very
different from the hexagonal one. While the twist anglé af10° is similar, the tilt angle of

¢ = 30° is much larger (c.f. Figure 3.14d vs. h).

This change in conformation, especially the larger tilt angle, results in a smaller surface area
per molecule and allows for a higher packing density (0.34 molecufesiomthe
herringbone and 0.28 moleculesifar the hexagonal phase). In contrast to the hexagonal
appearance, the herringbone one does not show any protrusions at the pyrrole positions,
suggesting that the saddle-shaped distortion is less pronounced or not present at all (cf. Figure
3.14c and g). Indeed, DFT calculations for CoTTBPP on Ag(111) show a local minimum in
the potential energy surface for the combination of angles representing the herringbone
conformation!®. The calculated structure shows no saddle-shape, but a bowl-like distortion,
i.e. all four pyrrole groups are bent by 30° to one side of the molecular plane, whietthe

butylphenyl groups are tilted towards the other side.
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hexagonal

Figure 3.15. STM images documenting the temperature dependent reversible phase
transition between herringbone and hexagonal phase. (a) and (c): pure hexagonal phases
recorded at RT (U = +1.30 V, | = 30 pA). (b) and (d): coexistence of hexagonal and
herringbone phase recorded at 180 K (b) U =+1.26 V, | = 23 pA; d) U =-0.66V, | = 29 pA).

Due to the similarity of the hexagonal and the herringbone phase, the stabilization of the
supramolecular arrangement is realized via intermolecular van der Waals interactions in both
cases. However, there are some important differences: While in the hexagonal arrangement

each molecule can interact with 16 neighbotierg-butyl groups, the number increases to 20
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for the herringbone arrangement. In addition, for the herringbone arrangement the average
distance between neighboririgrt-butyl groups is reduced by ~1 A. The higher packing
density, the increased number of interactions and the reduced average distance suggest the

herringbone arrangement to be the energetically favorable one.

A comparison of the results for CoTTBPP on Cu(111) and Agfildhows some
similarities, but also some differences: While on Ag(111) four different structures were
found, only two of them are present on Cu(111). Although the overall appearances of the
hexagonal and the herringbone phases are similar on both substrates, the size of the unit cell
and the intramolecular conformations are different. These differences are caused by the
different interaction of the molecules with the different substrates. For the hexagonal
conformation, the smaller twist angle on Cu(111) (10° vs. 45° on Ag(111)) results in a
reduced distance to the substrate by about 1 A, suggesting stronger attractive interactions
between the molecules and Cu(111) than for Ag(111). For the herringbone structures, a direct
comparison of the results on Cu(111) and Ag(111) is not valid as i e herringbone
structure was obtained by thermal desorption of multilayers at elevated temperatures and no

investigations below RT were conducted.

In conclusion, the supramolecular structures formed by CoTTBPP on Cu(111) are primarily
stabilized by van der Waals forces betwéert-butyl groups of neighboring molecules. In
addition the formation of the hexagonal and the herringbone structure is a fully reversible,
temperature dependent process. Further a strong dependency of the appearance of the central

Co atom on the tunneling parameters was found.
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4 Summary

In the present STM study, different tetrapyrrolic adsorbates, that are, 2HTPP, 2HTPPc,
2HTTBPP, CuTTBPP, CoTTBPP, were investigated on a Cu(111) surface. Thereby it was
found that small variations of the molecular theme on the same substrate significantly
influence the adsorption behavior.

For 2HTPP on Cu(111), the formation of a novel, complex checkerboard-type superstructure
was found at higher coverages, with half of the molecules in direct contact to the surface and
the other half elevated from the surface, bridging the gaps between the lower first layer
molecules. While the orientations of the checkerboard domains and the conformation of the
first layer molecules are in line with the observations for low coverages, the conformation of
the second layer molecules is similar to the multilayer ones. Although the adsorption of
2HTPP on Cu(111l) is dominated by adsorbate-substrate interactions, the checkerboard
structure is stabilized by attractive intermolecular interactions in form of T-type interactions

andrteTtstacking interactions at the same time.

The investigation of the adsorption behavior of 2HTPPc on Cu(111) revealed that the
molecules tend to form supramolecular arrangements consisting of rows oriented along the
main crystallographic directions of the substrates. Two types of rows can be distinguished:
highly ordered ones, where all molecules are oriented in the same direction, and less ordered
ones, where two different orientations are found. While within the highly ordered rows the
situation appears to be static, the molecules in the less ordered rows frequently alter between
the two orientations at RT. Right after deposition, a metastable situation is found with
preferentially one less ordered row separating two highly ordered ones, which changes over
time to a situation where two less ordered rows separate two highly ordered ones. This initial
dynamic rearrangement is explained by strong cooperative effects and an energetically more
favorable situation after the change, to a large extent caused by a better registry to the
substrate. Overall, the unusual adsorption behavior of 2HTPPc at room temperature can be

characterized as a mixture of supramolecular order and structural dynamics.

For 2HTTBPP on Cu(111) two thermally induced morphological and chemical
transformations were found. First, at temperatures above 330 K, the transition from the initial

bimodal structure to the monomodal so-called hex A arrangement is observed. This was
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explained by a stabilization of the supramolecular arrangement due to a better interlocking of
the peripheraltert-butyl groups. At higher temperatures and/or prolonged heating times,
2HTTBPP undergoes a transition to the so-called hex B phase, accompanied by the self-
metalation with Cu substrate atoms to CuTTBPP. This massive structural change upon
metalation, in which the molecules literally pop up from the surface, can be explained by

reduced molecule-substrate interactions after metalation.

The adsorption behavior of CoTTBPP on Cu(111) again differs from the ones discussed
above. For CoTTBPP, a reversible phase transition from a hexagonal to a herringbone
arrangement occurs upon cooling the sample from RT to 180 K. Since this transition is
accompanied by a compression of the structure, i.e. a lower molecular density for the
herringbone arrangement, it is in line with a conventional freezing process. The higher
stability of the hexagonal structure at RT is explained by entropic contributions lowering the
free Gibbs energy. The investigation of the intramolecular conformation revealed two
significantly different conformations for the hexagonal and the herringbone arrangement: For
the hexagonal phase, a saddle-shaped distortion of the macrocycle is found, while in the
herringbone phase a bowl shaped conformation is found, that is, all four pyrrole groups
oriented to one side of the macrocycle and the fedsbutyl-phenyl groups to the opposite

side. A comparison to Ag(111) reveals a ~1 A smaller molecule-substrate distance indicating
more attractive molecule-substrate interactions on Cu(111). For the bias dependence of the
appearance in STM of CoTTBPP on Cu(111) in the hexagonal phase, it was found that only
within a small negative bias voltage window (-0.44 to -0.22 V) the appearance is dominated
by a central protrusion. For other bias voltages (at least in the range from -1.3 to +1.3 V), the
appearance is dominated by the actual topographic height of the organic parts of the

molecule.

Overall, it is shown that the complex interplay of intermolecular and molecule-substrate
interactions and resulting adsorption behavior of porphyrinoids is influenced to a very large
extent by the different modifications of the molecules, like attached peripheral substituents,
presence and type of central metal atom, or the constitution of the macrocycle. To sum up,
the adsorption behavior for porphyrinoids is determined by a complex interplay of different

contribution and it is thus very difficult to generalize and predict the adsorption behavior.
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5 Zusammenfassung

In der vorliegenden STM Arbeit wurden unterschiedliche tetrapyrrolische Adsorbate auf
einer Cu(111) Oberflache untersucht, namlich 2HTPP, 2HTPPc, 2HTTBPP, CuTTBPP und
CoTTBPP. Dabei hat sich gezeigt dass kleine Unterschiede im molekularen Thema das

Adsorptionsverhalten auf dem gleichen Substrat entscheidend beeinflussen.

Far 2HTPP auf Cu(111) wurde, bei héherer Bedeckung, die Ausbildung einer neuartigen,
komplexen, schachbrettartigen Struktur beobachtet, bei welcher die eine Halfte der Molekdle
im direkten Kontakt mit der Oberflache ist, wohingegen die andere Halfte erhoht ist und die
Licken zwischen den Erstlagenmolekilen Uberbriuckt. Wahrend die Ausrichtung der
Schachbrettdoménen und die Konformation der Erstlagenmolekile sich mit den
Erkenntnissen fur niedrige Bedeckungen decken, gleicht die Konformation der

Zweitlagenmolekile derer der Multilagenmolekile. Obwohl das Adsorptionsverhalten von

2HTPP auf Cu(111) von Adsorbat-Substrat-Wechselwirkungen dominiert wird, wird die

Schachbrettstruktur zugleich durch attraktive intermolekulare T-type mmdStapel

Wechselwirkungen stabilisiert.

Die Untersuchung des Adsorptionsverhaltens von 2HTPPc auf Cu(111) hat gezeigt, dass die
Molekile dazu neigen supramolekulare Anordnungen auszubilden, welche aus, entlang der
kristallographischen Vorzugsrichtungen des Substrats ausgerichteten Reihen bestehen. Dabei
kénnen zwei Arten von Reihen unterschieden werden, namlich die hoch geordneten Reihen,
in welchen alle Molekile gleich ausgerichtet sind, und die weniger geordneten Reihen, in
denen zwei unterschiedliche Ausrichtungen auftreten. Wahrend die Situation in den hoch
geordneten statisch zu sein scheint, wechseln die Molekule in den weniger geordneten Reihen
bei Raumtemperatur héaufig zwischen den beiden Orientierungen. Unmittelbar nach der
Abscheidung ist eine metastabile Situation zu finden, bei der zwei hoch geordnete Reihen
meist von einer weniger geordneten Reihe getrennt werden. Mit der Zeit andert sich dies hin
zu einer Situation, bei der zwei weniger geordnete Reihen zwei hoch geordnete trennen.
Diese anfanglich dynamische Umordnung lasst sich durch starke kooperative Effekte und
einer energetisch gunstigeren Situation nach der Umordnung erklaren, welche weitestgehend
durch eine bessere Registrierung zum Substrat erzielt wird. Allgemein kann das
ungewohnliche Adsorptionsverhalten von 2HTPPc bei Raumtemperatur als eine Mischung

aus supramolekularer Ordnung und struktureller Dynamik charakterisiert werden.
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Im Falle von 2HTTBPP auf Cu(111) wurden zwei thermisch induzierte morphologische und
chemische Transformationen gefunden. Zuerst ist, bei Temperaturen Uber 330 K, der
Ubergang der anfanglich bimodalen Struktur zur monomodalen, sogenannten hex A
Anordnung zu beobachten. Dies wurde durch die Stabilisierung der supramolekularen
Anordnung auf Grund der besseren Verzahnung der periptentdoutyl Gruppen erklart.

Bei hoheren Temperaturen und/oder langeren Heizdauern, vollzieht 2HTTBPP die
Umwandlung zur sogenannten hex B Phase. Dies geht einher mit der Selbstmetallierung mit
Cu Substratatomen zu CuTTBPP. Diese gravierende strukturelle Veranderung wahrend der
Metallierung, bei der die Molekile buchstablich von der Oberflache emporschnellen, kann
durch die verringerten Molekul-Substrat-Wechselwirkungen nach der Metallierung erklart

werden.

Das Adsorptionsverhalten von CoTTBPP auf Cu(111) unterscheidet sich erneut von den
bereits diskutierten. Im Falle von CoTTBPP tritt ein reversibler Phasentibergang von einer
hexagonalen zu einer herringbone Anordnung auf, wenn die Probe von Raumtemperatur auf
180 K abgekuhlt wird. Dies deckt sich mit einem konventionellen Gefrierprozess, da der
beobachtete Ubergang von einer Kompression der Struktur begleitet wird, d.h. die
Molekuldichte der herringbone Anordnung ist geringer. Die groRBere Stabilitat der
hexagonalen Struktur bei Raumtemperatur wird durch entropische Beitrage erklart, welche
die Gibbs'sche freie Energie verringert. Die Untersuchung der intramolekularen
Konformation ergab zwei signifikant unterschiedliche Konformationen fir die hexagonale
und die herringbone Anordnung: Bei der hexagonalen Phase wurde eine sattelartige
Verbiegung des Makrozyklus bestimmt, wohingegen bei der herringbone Phase eine
schisselartige Konformation vorliegt, d.h. alle vier Pyrrol-Gruppen sind auf die eine Seite
des Makrozyklus geneigt und die viert-butyl-Gruppen auf die andere. Der Vergleich mit
Ag(111) ergab einen um ~1 A geringeren Molekiil-Substrat-Abstand, was auf attraktivere
Molekul-Substrat-Wechselwirkungen im Falle von Cu(111) hindeutet. Im Bezug auf die
Spannungsabhangigkeit der Erscheinung von CoTTBPP auf Cu(111l) in der hexagonalen
Phase im STM hat sich gezeigt, dass nur in einem kleinen negativen Spannungsfenster (-0.44
bis -0.22 V) die Erscheinung von einer zentralen Erhebung dominiert wird. Bei anderen
Spannungen (zumindest im Bereich zwischen -1.3 und +1.3 V) wird die Erscheinung durch

die tatsachliche topographische Hohe der organischen Teile des Molekiils bestimmt.

Insgesamt wurde gezeigt, dass das komplexe Zusammenspiel von intermolekularen und

Molekul-Substrat-Wechselwirkungen, sowie das resultierende Adsorptionsverhalten von



50 Zusammenfassung

Porphyrinoiden weitestgehend beeinflusst wird durch die unterschiedlichen Modifikationen
der Molekile, wie periphere Substituenten, Anwesenheit und Typ eines zentralen
Metallatoms, oder dem Aufbau des Makrozyklus. AbschlieRend ist zu sagen, dass das
Adsorptionsverhalten von Porphyrinoiden von einem komplizierten Zusammenspiel
unterschiedlicher Beitrage bestimmt wird und es deshalb sehr schwierig ist dies zu

verallgemeinern und das Adsorptionsverhalten vorherzusagen.
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7 Appendix

7.1 List of Abbreviations

DFT
fcc
HOMO
LDOS
LEED
NEXAFS
QMS
RT
ST™M
STS
TPBP
TPD
TPP
TPPC
TPyP
TTBPP
UHV
XPS

density functional theory
face-centered cubic

highest occupied molecular orbital
local density of states

low energy electron diffraction

near edge X-ray absorption fine structure
guadrupole mass spectrometer
room temperature

scanning tunneling microscopy
scanning tunneling spectroscopy
tetraphenybenzoporphyrin
temperature programmed desorption
tetrephenylporphyrin
tetraphenylporphycene
tetrapyridylporphyrin
tetrakisditertbutylphenylporphyrin
ultra-high vacuum

X-ray photoelectron spectroscopy
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ABSTRACT: In this study, we investigate the peculiar
coverage dependent supramolecular arrangement of 2H-
tetraphenylporhpyrin (2HTPP) on Cu(111) with scanning
tunneling microscopy at room-temperature. At low coverage,
“slow” diffusion of individual 2HTPP molecules along the
close-packed atomic rows of the substrate is observed, and no
supramolecular ordering occurs. However, at higher coverage,
the formation of ordered, checkerboard-like domains is found,
with two molecules per unit cell at different distances from the
surface. This behavior is attributed to a complex interplay of
site specific molecule—substrate interaction, mainly the strong
interaction between the iminic N atoms and Cu substrate
atoms, with intermolecular T-type and 7—7 interactions.
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B INTRODUCTION

The application of large organic molecules in multi component
devices, e.g., in sensors, is a rapidly growing field in research
and technology. In this context, understanding the self-
assembly of corresponding molecular building blocks on well-
defined surfaces is a key issue that allows for tailoring the
properties of supramolecular structures."” Due to their pivotal
importance as main functional building blocks for many
processes in nature, porphyrins appear to be very promising
candidates for such devices: their central cavity can be
functionalized quite easily but at the same time their rigid,
but not inflexible backbone remains intact. Long-range order of
porphyrins and related molecules and the formation of
supramolecular structures is in many cases triggered by
intermolecular interactions and their interplay/competition
with molecule—substrate interactions.> ® The key for under-
standing these properties is a detailed characterization of the
adsorption behavior of the involved molecules. Scanning
tunneling microscopy (STM) has proven to be a very powerful
tool for the investigation and determination of supramolecular
structures and to some extent also intramolecular conforma-
tions of large organic molecules on solid surfaces under
ultrahigh vacuum (UHV) conditions.">”~'* Herein, we report
on the adsorption behavior of free base 2H-tetraphenylpor-
phyrin (2HTPP) on Cu(111) at room temperature (RT). The
behavior of these molecules at low coverage, ie., in the
submonolayer range, has already been investigated in detail.'"'*
We will therefore now focus on higher coverages, where a
transition from a disordered phase of individually adsorbed

-4 ACS Publications  © 2013 American Chemical Society 4104

molecules to a long-range ordered supramolecular structure
occurs.

B RESULTS AND DISCUSSION

Previous studies of metallo-tetraphenylporphyrins (MTPPs) on
hexagonal metal single crystal surfaces revealed that the
molecules tend to adsorb coplanar to the surface and to form
square ordered islands on the (111) terraces.*”">™>' For these
arrangements, the molecule—substrate interactions seem to be
of minor importance and the formation of the quadratic lattice
is dominated by molecule—molecule interactions.>* Thereby,
the attractive intermolecular interactions are realized via the
phenyl side groups of the porphyrins. In these two-dimensional
square arrangements, each molecule is oriented such that the
outermost C—H group of the phenyl side groups of one
molecule points edge-to-face toward the center of the 7-system
of a phenyl side group of a neighboring molecule.>* This so-
called T-type interaction is schematically shown in Figure lc
and is most common for tetraphenylporphyrins on metals.
Typically, the plane of phenyl groups is found to be rotated
relative to the plane of the macrocycle by angles, a,;, of about
60° (cf, Figure 1a).>’ Alternatively, a second type of
interaction between the phenyl side groups of neighboring
molecules is conceivable, namely a z—rx interaction (also
denoted as 7—x stacking), which is schematically shown in
Figure 1b.°**® For this aromatic interaction, the 7-systems of
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Figure 1. (a) A model of 2HTPP showing the flexibility and the saddle shaped distortion of the molecule. The angles that determine the
conformation of the molecule are labeled, too. (b and c) Show schematic drawings of the two types of interaction of the phenyl side groups of

2HTPP.

the phenyl groups of two neighboring molecules have to
overlap in a geometry, in which they are oriented almost
parallel.

Another important factor for the adsorption behavior of
TPPs is their rigid, aromatic backbone, the macrocycle, which
exhibits certain degrees of flexibility (a corresponding model is
shown in Figure la): @, describes the angle by which the
phenyl ring is rotated around the C—C-bond between the
phenyl ring and the porphyrin macrocycle; 0° corresponds to
the phenyl ring being in plane with the macrocycle. 0, is the
angle by which the C—C-bond between the macrocycle and the
phenyl ring is tilted out of the porphyrin plane. Finally, a,, and
@, describe the angles by which the aminic and the iminic
pyrrole rings are tilted out of the porphyrin plane,
respectively.'> With these four parameters, it is possible to
describe the molecular conformation of the adsorbed TPP
molecules.

So far, all studies on TPPs on different fcp (111) coinage
metal surfaces reported on structures where the plane of the
porphyrin macrocycle is parallel to the substrate surface.
Typically, the molecules display a so-called saddle-shape
conformation: thereby, two opposite pyrrole rings are bent
upward out of the porphyrin plane, while the other two are
bent downward, and the phenyl rings are rotated out of the
porphyrin plane. This deformation mainly occurs due the fact
that the attractive interaction with the substrate leads to a
rotation of the phenyl groups toward a more planar
arrangement (small value of aph), leading to steric repulsion
between the ortho- and f-H atoms of the molecules.”"'

When adsorbing 2HTPP on Ag(111), individual isolated
molecules cannot be imaged with conventional STM at RT
and, starting already at submonolayer coverages, the formation
of islands with the above-mentioned quadratic lattice is found.?
Interestingly, on Cu(111) a very different and unusual behavior
is observed: Already at very low coverages, 2HTPP can be
imaged at RT as individual molecules that do not form any
supramolecular structure; this is evident from Figure 2a, where
each molecule appears as two longish parallel (rod-like)
protrusions, with a dark region in between, which we denote
as “molecular axis”. This axis corresponds to the aminic pyrrole
axis of the molecule and is aligned along the close-packed rows
of the substrate. The molecules slowly diffuse along these
directions, as can be deduced from the one-dimensional
elongation of the molecules in the average frame of an STM
movie depicted in Figure 2e. The energy barriers for migration
and rotation were determined to be E_ = 0.71 + 0.08 eV and E,
= 1.28 + 0.12 eV, respectively.'’ At RT, the thermal energy of

the molecules is sufficient to overcome the migration barrier,
but typically not the rotation barrier; at this coverage, this is
possible only by increasing the temperature.'’ The just
described adsorption behavior has been reported before and
has been attributed to a pronounced and highly site specific
adsorbate—substrate interaction. At the moment, it is still not
clear whether this adsorption geometry is due to charge transfer
from the molecule to the substrate as proposed by Rojas et
al,,***® or/and due to the special conformation of the molecule
caused by strong attractive interactions between Cu substrate
atoms and the N atoms of the iminic pyrrole rings pointing
toward the surface.'!

This study now addresses the adsorption behavior of 2HTPP
on Cu(111) at higher coverage, that is when intermolecular
interactions also come into play. Figure 2b shows a typical
image of the surface of the single crystal after deposition of
0.009 ML 2HTPP (1 ML stands for 1 molecule per surface
atom; for illustration: one full layer CuTPP on Cu(111) in the
well-ordered quadratic lattice would correspond to a coverage
of 0.033 ML). The appearance of each 2HTPP molecule as two
parallel rod-like protrusions still exists, but the four phenyl side
groups of the molecule appear somewhat more prominent than
for the isolated molecules at low coverage. Nevertheless, no
supramolecular ordered structure is formed yet and the
molecules are still oriented along the high symmetry substrate
directions. Increasing the coverage reduces the free surface area
(Figure 2b), which means that the free one-dimensional
movement of the molecules is hindered. The molecules are
lying almost flat on the surface with a tilt angle of the phenyl
rings of only 20°,"> which does not allow for T-type attractive
intermolecular interactions between different molecules.® Due
to repulsion between neighboring molecules at too small
distances, their average diffusion length is reduced. Upon
collision between molecules, sufficient momentum can be
transferred to allow some of the molecules to overcome the
energy barrier E, for changes of the diffusion direction from one
densely packed substrate row to another even at RT. This is
evident from Figure 2f, where some of the molecules change
the direction of one-dimensional motion, as is seen in the
average frame of an STM movie (the corresponding full movie
(movie M2) can be found in the SI).

When the total coverage of the surface exceeds a value of
0.020 ML, molecules with increased apparent height in STM
are observed (see Figure 2¢ and also Figures S1 and S2 of the
SI). These molecules will be referred to as second layer
molecules in the following. They do not exhibit the parallel rod-
like shape of the first layer molecules, but appear as four (red)
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Figure 2. Constant current STM images of 2HTPP on Cu(111) at
different coverages; the turquoise molecules represent first layer
molecules, the red ones second layer molecules and the white ones
third layer molecules. (a) Isolated molecules at very low coverage
(Upis = =149 V, I, = 30 pA), (b) slightly increased coverage
compared to (a) with 0.009 ML 2HTPP (U, = —0.193 V, L, = 11
pA), (c) formation of checkerboard structure involving first and
second layer molecules (Uy,, = —1.05 V, I, = 30 pA), (d) surface
nearly completely covered with checkerboard domains and some third
layer molecules present (Uy,, = +1.35 V, I, = 22 pA), (e) average
frame of a 39 image (13 min) STM movie, where 1D diffusion is
visible (Ups = —1.49 V, I, = 30 pA), (f) average frame of a S1 image
(22 min) STM movie, where besides the 1D diffusion rotation of the
molecules is visible (U, = =193 mV, I, = 11 pA), (g) average frame
of a 60 image (23 min) STM movie, where the dynamics of the
checkerboard structure is visible. The white oval marks a region where
frequent molecular movements occur during the movie (Uy;,, = —1.05
V, L = 30 pA), (h) average frame of a 26 image (10 min) STM
movie; here the average frame is identical to each of the single frames
of the movie (U, = +1.35 V, I, = 22 pA). (a—d) are individual
frames of the movies averaged in (e—h). The scale bars correspond to
4 nm. The color scale bars for each image are given below the
corresponding image. The corresponding full movies (movies M1—4)
can be found in the Supporting Information, SIL
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protrusions in Figure 2c. Each protrusion is attributed to one
phenyl side group of a 2HTPP molecule. We find these second
layer molecules initially only on flat regions of the Cu crystal,
i.e, not on typical nucleation sites like step edges and defects.
This behavior will become understandable when discussing the
interactions stabilizing this adsorption geometry (see below).
Further increase of the coverage leads to the formation of a
well-ordered structure, as depicted in Figures 2¢,d,gh and 3.
This structure has been observed before by Rojas et al,,** but
was neither analyzed nor yet interpreted. Within this structure,
the second layer molecules (4 red protrusions per molecule,
indicated by the solid circle in Figure 3) arrange together with
the first layer molecules (turquoise, indicated by the dashed
circle in Figure 3) in a checkerboard-like structure, where one
second layer molecule is surrounded by four first layer ones and
vice versa. This superstructure has a rectangular unit cell with
lattice vectors a = 2.12 #+ 0.03 nm and b = 1.74 + 0.05 nm and
an angle of y = 90° & 5°, as shown in Figure 3. As evident from
Figure 3, all molecules within one checkerboard domain are
oriented in the same direction, which means that the molecule
axes formed by the aminic pyrrole rings are parallel for both,
first layer and second layer molecules. Note that this molecular
axis is the one given by the dark regions in between the two
bright rods of the first layer appearance of the molecules. This
direction is tilted 30° left or right of the longer lattice vector a
of the unit cell (60° of the shorter one b) as depicted in Figure
3 and Figure S1 of the SI. The detailed analysis reveals the
existence of three different domains, rotated by 60°, with two
chiral orientations each (see Figure S1 of the SI). The
azimuthal rotation of the pyrrole—pyrrole axis (molecular axis)
by 30° off the long lattice axis allows only for three possible
orientations which 2HTPP molecules can adopt. This is in line
with the observation that individual 2HTPP molecules are
oriented solely along the three close packed substrate rows, due
to the strong site-specific interaction with the substrate.
Assuming that this adsorption behavior persists for first layer
molecules of the checkerboard domains, it is possible to draw
the close packed substrate rows as orange lines in Figure 3d. In
this image, every porphyrin molecule adopts an equivalent
position relative to the indicated substrate row. This seems to
be true not only for the first layer molecules, but also for the
second layer ones. However, neighboring molecules are not
located over the same densely packed substrate row (orange
line) of the substrate: along the long checkerboard domain
lattice vector a there is a displacement of four rows, and along
the short lattice vector b there is a displacement of six rows.
As a next step, we discuss the arrangement of the molecules
within the checkerboard structure. The key information
required in this context is the number of molecules per unit
cell. Two arrangements, which are schematically shown in
Figure 4a and b appear to be possible: (1) one, where a second
layer molecule sits on top of a first layer one (porphyrin
“sandwich”, Figure 4a) and (2) one, where a second layer
molecule bridges four first layer molecules (Figure 4b); in the
latter arrangement, there would be a void below the second
layer molecule. One first hint in the latter direction is the
observation that in the STM images in Figure 3, there is no
indication for the presence of molecules below second layer
ones: This can best be seen in Figure 3¢, where the tip contrast
was adjusted to image the first layer molecules of the
checkerboard structure best. In this image, the first layer
molecules exhibit their typical parallel rod-like shape, i.e.,
protrusions at the position of the phenyl rings and at the two
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Figure 3. Constant current STM images of a checkerboard domain in (a, b) “normal” contrast (Uy;,, = —1.14 V, I, = 46 pA) and (¢, d) in a contrast
adjusted to depict the turquoise first layer molecules with their typical two parallel rod like shape (Uy;,s = —0.92 V, I, = 19 pA). (b) and (d) show
superimposed scaled space filling models to the STM images. The model visualizes the stabilization of the checkerboard structure by T-type
interactions (indicated by a black T) and 7—7-stacking (black parallel lines). The solid circles mark a second layer molecule and the dashed circles a
Ist layer one. The orange lines in (d) represent neighboring close packed atomic rows of the substrate in one high symmetry direction.

the pyrrole groups bent away from the surface. At the same
time, the second layer molecules appear as two red spots
originating from their iminic pyrrole rings indicating a
considerable deformation of the macrocycle. In particular,
there are no protrusions anticipated for the “sandwich”
structure at the phenyl positions of a corresponding first layer
molecule underneath the second layer one. In addition, the
apparent height difference (see Figure S2 of the SI) of the first
and second layer molecules of the checkerboard structure yields
a value of ~0.8 A. This difference was found to be independent
of the bias in the investigated bias voltage range from —1.14 to
+1.00 V, indicating that the topographical contrast dominates
the appearance in STM. This compares to the apparent height
of an isolated 2HTPP molecule on the pristine Cu(111) of
~14 A in the same bias voltage range. Considering the
underlying conductive Cu substrate, this value can be regarded
as a lower limit for the corresponding height difference of a
2HTPP molecule on a corresponding closed layer of
porphyrins (note that the pure topographic height difference
would be ~3—5 A, depending on the orientation of the phenyl
groups). Therefore, the value of ~0.8 A for the height
difference indicates a position of the second layer molecules
somewhat elevated relative to the first layer molecules, but
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probably not as high as one would expect for a “sandwich”
complex with one molecule on top of the other. Therefore, the
“sandwich” geometry (c.f, Figure 4b) can be safely ruled out.
Instead, we propose that the second layer molecules bridge
neighboring first layer molecules. In this arrangement, the
phenyl group of a second layer molecule establishes a T-type
interaction with an underlying phenyl ring of a first layer
molecule (see for details below). This type of bridging can also
be considered to contribute strongly to the observed supra-
molecular order in the checkerboard structure.

Additional evidence for the proposed bridging structure
stems from the total coverage required to form a fully covered
surface: deposition of about 0.030 ML of 2HTPP results in a
surface covered with checkerboard domains and in between the
different domains a few third layer molecules (white) can be
observed as shown in Figure Sa. Nominally, a surface covered
with one closed checkerboard domain with the bridging
structure would correspond to a coverage of 0.030 ML, while
0.045 ML would be required for the “sandwich” structure (i.e.,
with first layer molecules also below the second layer
molecules). From the coverage in Figure Sa, we thus conclude
that the molecules have to be adsorbed in a bridging structure.
This observation is evidenced by annealing the deposited layer

dx.doi.org/10.1021/1a3046753 | Langmuir 2013, 29, 4104—4110
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a) “sandwich®

Figure 4. Parts (a) and (b) schematically show the two possible
arrangements of 2HTPP molecules in checkerboard domains. Part (c)
gives a top and a side view of scaled models of the Ist and 2nd layer
molecules in the checkerboard structure highlighting the T-type
interactions.

for 33 min to 400 K. Recent studies proved that such an
annealing procedure leads to in situ metalation of the free based
porphyrin with Cu substrate atoms to CuTPP.'>?*****7 In
Figure S, the structural change during metalation is shown: the
2HTPP structure of Figure Sa changes to a structure with large
quadratic monolayer islands of CuTPP and some nonmetalated
2HTPP molecules in between in Figure Sb. The formation of
square ordered islands was described earlier and is due to the
different intramolecular conformation of the CuTPP, ie. with
the phenyl rings in an orientation allowing for T-type

interactions of neighboring molecules.*® In Figure Sb, the
yellow/red structures represent CuTPP molecules while the
turquoise structures, especially in the marked region, represent
remaining 2HTPPs. The determination of the coverage after
metalation yields a value of 0.028 ML which (within the margin
of error) clearly proves that the 2HTPP molecules must be
arranged in the bridging geometry within the checkerboard
structure. (Note that no desorption occurs upon heating to 400
K2®) A comparison of the molecular density of 2HTPP
molecules of a checkerboard domain (unit cell 2.12 + 0.03 X
1.74 + 0.05 nm® for 2 molecules, 0.54 mol/nm*) to the
quadratic structures of CuTPP on Cu(111) (1.29 + 0.05 X 1.36
+ 0.05 nm? for 1 molecule,* 0.58 mol/nm?) and CoTPP on
Cu(111) (1.35 + 0.05 X 1.35 + 0.05 nm? for 1 molecule,’ 0.55
mol/nm?) shows almost identical packing density, within the
margin of errors.

In order to obtain further insight, space filling models of the
molecules were superimposed to the experimental STM images
of the checkerboard structure in Figure 3: the yellow species
represent the second layer molecules (indicated by the solid
circle) and the light gray species the first layer molecules
(indicated by the dashed circles). For the intermolecular
conformations of the first and second layer molecules in the
checkerboard structure, we used the intramolecular conforma-
tions determined by Diller et al."? for submonolayer 2HTPP on
Cu(111) (aph =20°% a,, = 40° and @, = 60°) and multilayer
2HTPP molecules (ay, = 55—-60° a,, = 40° and @, = 40°),
respectively. This approach appears reasonable since the
interaction for the two species in the double-decker layer
should correspond to these two cases (first layer/submonolayer
= strong interaction with substrate, second layer/multilayer =
weaker interaction). The excellent agreement of the super-
imposed structure with the STM image supports the choice of
these intramolecular conformations. Note that the assumed
intramolecular geometry for the second layer molecules is very
similar to the one of metalated TPPs like CuTPP. Nevertheless,
Figure S2 of the SI shows a height difference of 0.8 A between a
second and a first layer 2HTPP, while CuTPP appears to be
only 0.5 A higher than a first layer 2HTPP. This is an additional

Figure S. Constant current STM image of 0.030 ML 2HTPP on Cu(111) (a) before and (b) after annealing to 400 K. (a) 2HTPP in first
(turquoise), second (red) and third layer (white) (U, = 1.35 V, I, = 22 pA), (b) the metalated CuTPP (red and yellow) form square ordered
islands with molecule—molecule distances of ~1.30 nm. The turquoise molecules especially in the region marked with the white oval are residual

nonmetalated 2HTPPs (Uy;,, = —1.05 V, I, = 28 pA).
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hint for the proposed bridging geometry of the checkerboard
domains, as it evidences that the intramolecular conformation
of the second layer molecules can not be the only reason for its
elevated appearance in STM. Inspection of the model in Figure
3 reveals that the second layer molecules are arranged such that
the phenyl groups of neighboring molecules along the short
lattice direction, b, are oriented almost parallel, with only a
small intersecting angle between the planes of the two phenyl
rings. This geometry suggests that the supramolecular structure
within the second layer is stabilized via s—n-stacking
interactions. The other two phenyl groups of the second
layer molecules are oriented along the long lattice vector, g,
with an orientation relative to the phenyl groups of the first
layer molecules similar to that observed for T-type interactions:
within two-dimensional T-type structures known in the
literature>* one phenyl C—H-group in para-position points
perpendicular toward the phenyl ring of a neighboring
molecule. In the checkerboard structure the same orientation
is observed, albeit with one phenyl C—H-group in the meta-
position of a second layer molecule pointing perpendicular
toward the phenyl ring of a neighboring first layer molecule.
For better understanding the top and side view of the scaled
molecular models based on the STM data is shown in Figure
4c. Thus, we conclude that the checkerboard structure is
stabilized by 7—n-stacking between second layer molecules and
T-type interactions between first and second layer molecules.
Information on the stability of the checkerboard structure at
RT can be derived from Figure 2g, which shows the average
frame of a 60 image STM movie. From the sharp appearance of
the first layer molecules and most second layer molecules, it is
obvious that the checkerboard domains are very stable in
position and orientation. Only at the lower coordinated
boundaries of the checkerboard domains, attachment and
detachment of single second layer molecules can be observed.
This can be seen best in the region marked with the white oval
in Figure 2g, where the molecules appear less intense than
normal second layer ones and furthermore their typical shape
with four protrusions is smeared out.

Finally, at coverages higher than ~0.030 ML, molecules in
the third layer can be observed, as depicted in Figure 2d, where
they are identified as white spots in between checkerboard
domains. The inset in this figure shows a magnification of a
third layer molecule, which clearly shows that the molecules in
higher layers maintain the four spot appearance of the second
layer ones. The first molecules of the third layer appear in the
void locations in between the checkerboard domains, which is
expected. However, the ordering of the molecules and the
checkerboard structure is not continued above the second layer
and there is no regular supramolecular structure found for
higher layers. Concerning the dynamics of third layer
molecules, all molecules observed appear to be pinned; this is
evident from Figure 2h, which shows the average frame of an
STM movie, which is practically identical to each single frame
of the movie (c.f,, Figure 2d). Thus, no diffusion occurs at RT.

B CONCLUSIONS

We present a detailed analysis of the formation of a complex
checkerboard-type superstructure of 2HTPP on Cu(111) with
half of the molecules in direct contact with the substrate and
half of them in the second layer bridging the gaps between the
first layer molecules. This unusual checkerboard structure is
found when increasing the coverage from the submonolayer
range to higher coverages. At low coverages, a disordered layer
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with a very specific adsorption behavior for 2HTPP is observed
and the situation is dominated by adsorbate—substrate
interactions. In contrast, the checkerboard structure is stabilized
by attractive molecule—molecule interactions, in form of T-type
interactions and 77— stacking interactions at the same time.

B EXPERIMENTAL SECTION

All experiments and sample preparations were performed in a two
chamber UHV-system, at a background pressure in the low 107'" mbar
regime. The microscope is an RHK UHV VT STM 300 with RHK
SPM 100 electronics. All given voltages are referred to the sample and
the images have been taken in constant current mode at RT. Moderate
filtering (Gaussian smooth, background subtraction) has been applied
for noise reduction. The Cu(111) single crystal was purchased from
MaTeck and 2HTPP with a specified purity of 98% from Porphyrin
Systems. The preparation of the clean substrate surface was done by
repeated cycles of Ar*-ion sputtering (500 eV) and annealing up to
850 K. The porphyrin layers were prepared by thermal sublimation
from a home-built Knudsen cell at ~620 K with a deposition rate of
~0.003 ML per minute onto the substrate held at RT. The deposition
rate was determined by counting the deposited molecules in STM,
yielding the actual molecular density. With this value, the deposition
rate can be estimated. The higher coverages were determined
considering the estimated deposition rate in combination with the
corresponding evaporation time. The values were confirmed by again
counting the CuTPP molecules in STM after metalation.
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© Supporting Information

Additional information on the orientation of the checkerboard
domains and the apparent heights of the different molecular
species occurring are available as pdf and time lapse movies
related to Figure 2 are available in QuickTime format. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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Supporting Information

Figure S1. Constant current STM image of differently oriented checkerboard domains of
2HTPP on Cu(111) (Upiss = -1.01 V, ls« = 30 pA). The unit cells of the different domains are
indicated by the white rectangles. The red and blue double-pointed arrows represent the
pyrrole-pyrrole axis of the molecules within each domain. In the domains with red arrows
there is the pyrrole-pyrrole axis of the molecules tilted 30° to the left of the longer lattice
vector of the domain, whereas the blue arrows indicate domains with molecules tilted 30°
left. The red circles mark a pair of chiral checkerboard domains with equally oriented unit

cells, but differently oriented molecules. The double-pointed arrows occur pointing only in



three directions according to the substrate lattice. The sketch in the upper right corner shows
the occurring three different orientations of the molecules (double-pointed arrows) and the

resulting unit cells of the checkerboard domains (rectangles).



Figure S2. Constant current STM image and corresponding height profile for the
determination of the differences in apparent height between 1% layer 2HTPP molecules
(orange cross), 2" layer 2HTPP molecules (blue cross) within a checkerboard domain and
CuTPP (red cross) within a CuTPP domain. Note that the apparent heights of the 2HTPP
molecules with direct contact to the substrate can not be determined due to the impossibility
to determine a reliable substrate level for such high coverages. The tunneling parameters are:

Upias = -0.93 V, I = 20 pA.



Movie M1. 39 image (13 min) STM movie showing the slow unidirectional movement of
individual 2HTPP molecules at RT along the close packed rows of the Cu(111) substrate.

(Upias = -1.49 V, |4 = 30 pA, size: (17 nm)?)

Movie M2. 51 image (22 min) STM movie where besides the 1D diffusion of 2HTPP on
Cu(111) also frequent changes in the diffusion direction of the molecules are observable at

RT. (Upias = -193 MV, I = 11 pA, size: (17 nm)?)

Movie M 3. 60 image (23 min) STM movie where the dynamics of the checkerboard structure

a RT, formed by 2HTPP on Cu(111) isvisible. (Upias=-1.05V, I« = 30 pA, size: (17 nm)z)

Movie M4. 26 image (10 min) STM movie of 0.03 ML 2HTPP on Cu(111) at RT. The movie
reveals a three-layered structure where all 2HTPP molecules keep their positions during the

whole movie. (Upias = +1.35V, I = 22 pA, size: (17 nm)?)
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The adsorption of 2H-tetraphenylporphycene (2HTPPc) on Cu(111) was investigated by scanning
tunneling microscopy (STM). At medium coverages, supramolecular ordered islands are observed.
The individual 2HTPPc molecules appear as two pairs of intense protrusions which are separated by
an elongated depression. In the islands, the molecules are organized in rows oriented along one of the
close packed Cu(111) substrate rows; the structure is stabilized by T-type interactions of the phenyl
substituents of neighboring molecules. Two types of rows are observed, namely, highly ordered rows
in which all molecules exhibit the same orientation, and less ordered rows in which the molecules
exhibit two perpendicular orientations. Altogether, three different azimuthal orientations of 2HTPPc
are observed within one domain, all of them rotated by 15° + 1° relative to one closed packed Cu
direction. The highly ordered rows are always separated by either one or two less ordered rows, with
the latter structure being the thermodynamically more stable one. The situation in the islands is highly
dynamic, such that molecules in the less ordered rows occasionally change orientation, also complete
highly ordered rows can move. The supramolecular order and structural dynamics are discussed on the
basis of the specific molecule-substrate and molecule-molecule interactions. © 2015 AIP Publishing
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INTRODUCTION

The engineering of functional nano-devices increasingly
relies on the self-assembly of large organic building blocks.'+?
This requires a detailed knowledge of the underlying pro-
cesses, which allows for the controlled surface-confined
formation of functional supramolecular architectures from
suitable molecules. Therefore, it is of fundamental importance
to understand the relevant mechanisms, that is, to identify the
driving forces for the self-assembly of the involved molecular
species. In this context, the specific contributions of molecule-
substrate and molecule-molecule interactions are of major
interest.

Porphyrinoids are particularly well suited as molecular
building blocks, due to their intrinsic functionalities and
rigid structural theme, which often trigger long range order
on surfaces.® In this regard, scanning tunneling microscopy
(STM) is a powerful tool for the analysis of the supramo-
lecular arrangement, the intramolecular conformation, and
also the electronic structure of large organic molecules
adsorbed on (semi-)conductive surfaces.'>*> For example,
extensive STM investigations were performed for various
tetraphenylporphyrins (TPPs) on different surfaces; these
studies enabled to identify the contributions of molecule-
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molecule and molecule-substrate interactions.®”'® Numerous
studies report that on flat surfaces, porphyrinoids form long
range ordered supramolecular structures, with the porphyrin
macrocycle parallel to the surface plain.'*!3-3° Generally, the
self-assembly of these molecules is determined by a subtle
balance between molecule-molecule and molecule-substrate
interactions.'> Therefore, the choice of the actual peripheral
ligands, the substrate, and the nature of the porphyrin
center (e.g., free-base or metalated) can be regarded as a
suitable route to tailor molecular architectures in a bottom
up approach.?

2H-tetraphenylporphyrin (2HTPP) on Cu(111) has been
reported to be an adsorption system with extraordinary
strong molecule-substrate interactions. For this system, one
observes isolated, individual molecules on the surface at room
temperature (RT), due to the strong chemical interaction of the
iminic nitrogen atoms of the porphyrin with Cu atoms from
the substrate.!>17-31

After variations of the peripheral ligands and the metal
center, we now expand our investigations to a modified
macrocycle, namely, to 2H-tetraphenylporphycene (2HTPPc)
on Cu(111). 2HTPPc is a structural isomer of 2HTPP; for
comparison, the two molecular species are displayed in Fig. 1.
Recent low temperature STM studies of “bare” porphycene
molecules (that is, without phenyl ligands) on a Cu(110)
surface revealed an adsorption geometry with the macrocycle
parallel to the surface plane and strong interactions between
the iminic N and the Cu substrate atoms.?>%3

©2015 AIP Publishing LLC
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FIG. 1. 2HTPPc and its structural isomer 2HTPP.

EXPERIMENTAL

All experiments and sample preparation were performed
in a two chamber ultra-high vacuum (UHV) system, at a
background pressure in the low 107! mbar regime. The
microscope is an RHK UHV VT STM 300 with RHK SPM
100 electronics. All given voltages are referred to the sample,
and the images have been acquired in constant current mode at
RT. The Cu(111) single crystal was purchased from MaTeck
and the 2HTPP material with a specified purity of 98% from
Porphyrin Systems.

The 2,7,12,17-tetraphenylporphycene was synthesized
via a modification®* of Vogel’s®® and Nonell’s*® original proce-
dures. In particular, the formation of the respective pyrrole
was carried out following Matsumoto’s®” synthesis of pyrroles
by reacting two equivalents of ethyl isocyanoacetate with
benzaldehyde in the presence of Diazabicycloundecen. The
subsequent iodination with iodine monochloride®® gave the
desired iodopyrrole in nearly quantitative yield.

The preparation of the clean substrate surface was done by
repeated cycles of Ar*-ion sputtering (500 eV) and annealing
up to 850 K. The porphycene layers were prepared by thermal
sublimation from a home-built Knudsen cell at ~580 K onto
the substrate held at RT. The STM data were processed
(moderate high pass filtering and Gaussian smooth) with
WSxM software.*

RESULTS AND DISCUSSION

After deposition of small amounts of 2HTPPc on the
Cu(111) surface, step decoration is observed, as shown in
Fig. 2(a). Such an adsorption behavior is common for similar
systems, e.g., for 2HTPP on Ag(lll).14 It indicates that
step sites are energetically favorable due to an increased
coordination at the lower side of the step; thus, at low coverage,
adsorption is dominated by molecule-substrate interactions
at the steps. In addition, the step decoration indicates that
2HTPPc molecules are mobile on the terraces. The “excess”
molecules diffuse too fast on the surface to be imaged with
the STM. The fact that no islands are formed indicates that
no sufficient attractive molecule-molecule interactions are
present to realize a mutual stabilization and the formation
of supramolecular arrangements at room temperature. 1340

At higher 2HTPPc coverages, two-dimensional islands
are observed on the Cu terraces, as is evident from Figure 2(b).
Note that in addition to 2HTPPc, 2HTPP molecules are
coadsorbed on the surface. The latter are known to appear
as two elongated parallel protrusions, which are oriented

J. Chem. Phys. 142, 101925 (2015)

FIG. 2. (a) Constant current STM image of a low coverage of 2HTPPc
on Cu(111), displaying step decoration (Upjss=—0.77 V, Ie=30 pA);
(b) medium coverage of 2HTPPc (lower left inlay) with co-deposited 2HTPP
(top right inlay) on Cu(111). 2HTPPc forms islands, while 2HTPP adsorbs
mainly as individual isolated molecules; their azimuthal orientation (red
arrows) indicates the directions of the close packed Cu(111) substrate rows
(Upjas=—1.14 V, It =30 PA)

along the close packed atomic rows of the Cu(111) substrate
and thus indicate the main crystallographic directions of
the surface (red arrows).'>*! The inspection of the 2HTPPc
island reveals that it is composed of molecular rows along
one of the main crystallographic directions. In addition, the
surface regions with no islands appear with increased apparent
height in STM, that is, with a similar brightness than the
molecules in the islands. This observation is explained with
fast diffusing molecules which form a 2D gas phase, as
previously reported for similar adsorption systems. 134042
In this regard, the supramolecular assembly into islands can
be interpreted as a condensation process.'>*’ On the one hand,
the molecule-substrate interaction (surface corrugation) is too
weak to stabilize individual molecules at room temperature,
and thus they cannot be imaged by STM. On the other hand,
the formation of the two-dimensional islands indicates that
attractive molecule-molecule interactions can lead to a mutual
stabilization in a supramolecular ordered structure. In order
to further elucidate the arrangement of 2HTPPc within the
islands, the appearance of an individual molecule in STM has
to be clarified first.

Fig. 3 shows a close up STM image of one molecule
incorporated in a two-dimensional island; in the right part of
the figure, the same image is shown with a scaled overlay
of a space filling model of 2HTPPc. The molecule appears
as two pairs of intense protrusions which are separated by

d

FIG. 3. Close up constant current STM image of one 2HTPPc molecule
(left) and the same image overlaid with the corresponding scaled space filling
model (right) (Upjas = =229 mV, I =30 pA).
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FIG. 4. Constant current STM image of a typical supramolecular 2HTPPc assembly. The molecules in the highly ordered rows are indicated by red arrows and
the ones of the less ordered rows with orange arrows. The intermolecular T-type interactions are indicated by the green squares and rectangles, giving rise to the
two different structural motives. For further illustration, the arrangement is shown with space filling models (Upizs = =229 mV, It =30 pA).

an elongated depression through the center of the molecule.
The latter depression will be referred to as the molecular
axis in the following. Each pair of protrusions is linked by a
less intense bow shaped protrusion. The absence of tunneling
bias dependent changes (in the range of —1.5 V to +1.0 V)
is a strong indication that the appearance in STM mainly
reflects the topography of the 2HTPPc molecule. Under this
assumption, from the lower apparent height of the ethylene
bridges as compared to the pyrrole rings, a slight kinking
of the molecule by ~5° is estimated. The measurement of
the dimensions of one molecule in the STM images yields
a rectangular shape, with distances between the intensity
maxima of the four protrusions of 0.93 +0.01 nm for the
shorter and 0.98 + 0.02 nm for the longer side. The resulting
aspect ratio of 1.05 is in good agreement with the value of
1.08 obtained from a gas phase model of 2HTPPc, which
was optimized with the MM2 force field calculation method
implemented in Chem & Bio 3D. In this model, the long
side of the molecule is formed by the two directly linked
pyrrole groups, while the short side is formed by the ethylene
bridge in-between two pyrrole groups. With this model, it is
possible to attribute the features in the STM image to the
different parts of the molecule: The four intense protrusions
in the periphery of the molecule are caused by the four phenyl
groups of the 2HTPPc. The less intense links between these
protrusions are assigned to the pyrrole groups, and the central
cavity represents the molecular axis intersecting the ethylene
bridges, as depicted in the right panel of Fig. 3. As discussed
above, we deduced a slight kinking of the molecule of ~5°
along this axis.

With the knowledge of the appearance of individual
2HTPPc molecules, the detailed analysis of the supramolecu-
lar arrangement within the islands is conducted in the follow-
ing. A representative micrograph is depicted in Figure 4(a).
To illustrate the orientation of the individual molecules, their
molecular axes are indicated with arrows in Figure 4(b). The
inspection of the STM image reveals a peculiar adsorption
behavior: the molecules are organized in a combination
of highly ordered rows, where all molecules are oriented
identically (red arrows), and less ordered rows, where different
azimuthal molecular orientations are observed (orange ar-
rows). In the highly ordered rows, the molecular axes of all
molecules are rotated by 15° + 1° relative to the direction of
the molecular row, and thus also 15° + 1° relative to a close

packed substrate direction. Within a domain, all molecules
in highly ordered rows are oriented identically, e.g., rotated
15° + 1° clockwise relative to one of the close packed sub-
strate directions. As expected, one also finds the corresponding
mirror domains in which the molecules in the highly ordered
rows are rotated 15° + 1° counterclockwise. In the less ordered
rows (orange arrows), two different orientations exist, with
the molecules either rotated by —15°+ 1° or 75° + 1° with
respect to the direction of the molecular row. Considering
the threefold symmetry of the substrate lattice, all molecules
adopt orientations of 15° + 1° with respect to one of the three
high symmetry directions of the substrate. The two molecular
orientations in the less ordered rows occur in a ratio very close
to 1:1 (i.e., 233:217 for 450 analyzed molecules), indicating
that both orientations are energetically equivalent.

The analysis of the distribution of different rows in an
island shows that highly ordered rows are never found directly
next to each other, but always are separated by one or two
less ordered rows. To understand this peculiar supramolecular
arrangement, it is important to consider the specific contri-
butions of molecule-substrate and molecule-molecule inter-
actions. So far, it is apparent that the interactions between
the molecules and the substrate drive the orientation of the
molecules (15° in respect to a close packed atomic row of the
substrate). If that would be the only contribution to the ordering
of the molecules, one would anticipate all six possible orien-
tations (15° clockwise and counterclockwise to close packed
Cu row) in one domain, which is obviously not the case. The
actual restriction to three orientations within one domain must
therefore be due to intermolecular interactions. The molecule-
molecule distance along the ordered and less ordered rows is
1.46 = 0.06 nm, which is in the order of the size of a molecule.
The given distance is obviously not an integer multiple of the
atomic distances of the Cu substrate in the corresponding direc-
tions and thus is incommensurate or higher-order commen-
surate. Thus, the intermolecular interactions must occur be-
tween the phenyl groups of neighboring molecules. Simple
n-m-stacking*>** can be ruled out, since the geometry of the
phenyl groups in the STM images in Figure 4 does not fit
this type of interaction. Instead, we propose T-type interac-
tions, which were previously found to be the main contribu-
tion to intermolecular interactions in similar adsorption sys-
tems.' 825 Burley er al. reported typical distances of 4.5-7 A
and intersection angles of 50°-90° for T-type interactions in
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biomolecules.* Close inspection of the supramolecular struc-
ture in Figure 4(c) reveals two main motives concerning the
arrangement of the phenyl substituents of neighboring 2HTPPc
molecules: (1) At the junctions of highly ordered and less
ordered rows, a triangular T-type arrangement plus one addi-
tional T-type interaction is identified as indicated in Figs. 4(b)
and 4(c) by a triangle with one leg. The distances of the centers
of the phenyl rings of 5.0-6.5 A and the intersection angle of
60° are in the parameter range for stable T-type interactions.*
(2) At the junctions of two less ordered rows, a rectangular
T-type arrangement is found, as indicated by the squares in
Figs. 4(b) and 4(c). Here, the distances are in the range of
5.5-6.5 A and the intersection angle is 90°.

The situation of 2HTPPc molecules between the ordered
domains is dynamic. As outlined above, a 2D gas phase of
fast diffusing 2HTPPc coexists with the ordered islands, which
overall are stable with respect to their orientation and position.
However, there is a rapid exchange of molecules from the
periphery of the molecular islands and the 2D gas phase. This
can be observed by the changes and blurred shape of the
domain boundaries (see Fig. 2(b)).

Interestingly, we also observe a highly dynamic behavior
within the 2HTPPc domains: while the molecules in the highly
ordered rows always have the same orientation, the molecules
in the less ordered rows occasionally switch between the two
observed orientations at RT. This is evident from Fig. 5 in
which three consecutively acquired STM images are depicted:
The molecules in the highly ordered row in the middle of
the image (red arrows) always exhibit the same orientation;
however, some molecules in the neighboring less ordered row
(orange arrows) change their orientation from image to image.
Figure 5 also documents another remarkable dynamic aspect
of the 2HTPPc islands, namely, the (occasional) systematic
rearrangement of whole rows: in the successive images in
Fig. 5, the two highly ordered rows (red arrows) are initially
separated by two less ordered rows (a), then by one (b),
and finally again by two (c). From this observation, it is
evident that massive rearrangements also of molecules in
the highly ordered rows can occur, even though this happens
rarely. In corresponding experiments conducted at a reduced
temperature of 200 K, the situation is completely static, i.e., no
rotation of individual molecules or rearrangement of whole
rows is observed. This clearly evidences that the observed
dynamic behavior is thermally induced. It is also important
to emphasize that we always observed the highly ordered
rows either separated by one or by two less ordered rows, and
within the highly ordered rows, all molecules have an identical
orientation. From the fact that all molecules in Figure 5 appear
static at RT (that is, not blurred), one has to conclude that the
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FIG. 5. Three consecutive STM images
with red arrows indicating the orienta-
tion of the molecules in higher ordered
rows and orange arrows for the less or-
dered ones. From (a) to (c¢) each less
ordered molecule indicated changes its
orientation once. Additionally, the dis-
tance between the higher ordered rows
(red arrows) changes from (a) to (b)
and from (b) to (¢) (Upjas=—-229 mV,
Let =30 pA, At=145).

rotation and reorganization must occur much faster than the
timeframe of the STM acquisition (~14 s/image).

Interestingly, when following the dynamic behavior in
an ordered island over a long time period, we observe a
clear systematic trend: while shortly after deposition at RT,
the highly ordered rows are predominantly separated by one
less ordered row (Fig. 6(a)); after a few days, the highly
ordered rows are predominantly separated by two less ordered
rows (Fig. 6(b)). This observation along with the observed
spontaneous rearrangements between both structures (one line
vs. two lines separation) indicates that the energy difference
between the two structures is rather small, and that highly
ordered rows separated by one less ordered row are initially,
at least partly, kinetically stabilized.

The key to understand the peculiar rearrangement
behavior towards the thermodynamically more stable arrange-
ment with highly ordered rows separated by two less ordered
rows is to evaluate the distances of the highly ordered rows
in the two distinct arrangements. On the one hand, highly
ordered rows with one less ordered row in-between (Fig. 6(a))
are separated by 2.96 + 0.06 nm, which corresponds to 13.5
Cu substrate rows (with a distance of 0.221 nm between
neighboring closed-packed Cu substrate rows); on the other
hand, highly ordered rows with two less ordered rows in-
between (Fig. 6(b)) are separated by 4.44 + 0.07 nm, which
corresponds to 20.0 Cu substrate rows. Thus, for the latter
case, each highly ordered molecule row is in registry with the
Cu(111) substrate. We thus propose that the better registry
with the substrate for the molecular arrangement with two
less ordered rows between highly ordered rows is responsible
for its larger thermodynamic stability. In addition, it appears
likely that the quadratic T-type (90°) interaction motive is
energetically favorable as compared to the triangular T-type

FIG. 6. Representative constant current STM images of 2HTPPc domains
right after deposition ((a), Upjas =—0.89 V, I¢t =30 pA) and after storage at
RT for 1 week ((b), Upjas=—113 mV, Ii;=33 pA). The molecules of the
highly ordered molecular rows are indicated by red arrows.
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(60°) interaction motive (see Fig. 4), which would also favor
the arrangement with two less ordered rows in-between highly
ordered rows, since only in this arrangement the quadratic
motive appears.

An additional argument might be derived from a compar-
ison with the adsorption of 2H-5,10,15,20-Tetrakis-(3,5-di-
tert-butyl)-phenylporphyrin (2ZHTTBPP) on the same Cu(111)
substrate.*® 2HTTBPP adsorbs in alternating rows with two
distinct appearances in STM which are assigned to concave
and convex intramolecular conformations. From a detailed
kinetic analysis of the bidirectional conformational switching
of individual molecules between the two conformations
around room temperature, the underlying energetics was
deduced. One main finding was an entropic stabilization of the
bimodal 2HTTBPP structure through rotational and probably
vibrational excitation of the convex molecules. In analogy
to these findings, one could speculate that the occasional
rotation of 2HPPc in the less ordered rows might also yield
an entropic stabilization of the corresponding aggregate, even
though the effect is expected to be much smaller than for
2HTTBPP. In this picture, also the separation of the highly
ordered 2HTPPc rows by two less ordered rows would mean
enhanced entropic stabilization compared to the situation with
only one separating less ordered row due to the larger number
of rotating molecules.

Finally, there is to note that moderate thermal treatment
of the structure with two less ordered rows between highly
ordered rows (Fig. 6(b)) up to 450 K did not induce any
changes of the arrangement. At higher temperatures, the
supramolecular ordering is significantly degraded, and the
uniform shape of the molecules is no longer present (not
shown). This effect is most likely due to the dehydrogenation
of the molecules.>"*” Furthermore, it is interesting to mention
that, in contrast to the similar 2HTPP'"*!*¥ and 2HTTBPP,*
no indication for metalation of 2HPPc with substrate atoms of
the Cu(111) surface is observed up to 450 K. This is probably
due to the smaller size of the central pocket for the porphycene
that possibly does not allow for metalation.

SUMMARY AND CONCLUSION

We presented a detailed investigation of the peculiar
adsorption behavior of 2H-tetraphenylporphycene on
Cu(111). After initial step decoration, the existence of a 2D
gas phase and finally two-dimensional ordered islands on the
surface were found with increasing coverage. The supramo-
lecular arrangement in the islands is composed of molecular
rows along one of the three dense packed atomic rows of the
substrate. Two types of molecular rows can be distinguished:
first, highly ordered rows with all molecules oriented identi-
cally and the molecular axis at an angle of 15° + 1° with respect
to the molecular row; second, less ordered rows in which
the 2HTPPc molecules exhibit two perpendicular orientations
in a random fashion. The orientations of the individual mole-
cules occasionally change, which corresponds to an azimuthal
rotation by 90°. Another striking feature of the adsorption
system is the systematic rearrangement of the sequence of
neighboring molecular rows. Directly after thermal deposi-
tion of the 2HTPPc, the majority of highly ordered rows are
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separated by one less ordered row. However, this situation is
only a transient metastable state, since with time the rows rear-
range such that two highly ordered rows are separated by two
less ordered rows. This peculiar rearrangement can at instances
be observed reversibly in consecutively acquired images (cf.
Fig. 5), indicating that the overall energy difference between
the two arrangements is rather small. All dynamic changes,
that is, rotation of individual molecules and rearrangement of
whole molecular rows, occur in a timeframe faster than the
scan speed of the STM (e.g., line acquisition time <30 ms),
as concluded from the static appearance of the acquired im-
ages. The rearrangement of complete rows indicates compa-
rably strong cooperative effects. The tendency to form the
structure with highly ordered rows separated by two less
ordered rows is explained by the better registry to the substrate
and by the favorable geometry of the T-type interaction be-
tween less ordered rows. In addition, one might speculate that
entropic stabilization might also contribute due to the rotation
of molecules within the less ordered rows. Altogether, there
is only little orientational order in the 2HTPPc islands: only in
the highly ordered rows, all molecules have identical azimuthal
orientation. Between neighboring rows, the orientational or-
der varies, and different structural motives are found for the
arrangements where one highly ordered row is separated by
one or two less ordered rows. Overall, the unusual adsorption
behavior of 2HTPPc at room temperature can be charac-
terized as a mixture of supramolecular order and structural
dynamics.
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Based on a combined scanning tunnelling microscopy and X-ray
photoelectron spectroscopy study we present detailed insights into
pronounced changes of long-range order and intramolecular con-
formation during the self-metalation of 2H-5,10,15,20-tetrakis-
(3,5-di-tert-butyl)-phenylporphyrin (2HTTBPP) to CuTTBPP on Cu(111).
Upon metalation, the porphyrin literally “pops up” from the surface,
due to a drastically reduced molecule—substrate interaction.

A detailed understanding of the adsorption behaviour of mole-
cular building blocks on solid surfaces is a crucial step towards
the bottom-up fabrication of functional devices."” Scanning
tunnelling microscopy (STM) is an especially suitable method
to study the relevant elementary processes. Porphyrins are
regarded as prototype functional molecular building blocks
for nanotechnology applications. Recent surface science studies
of porphyrins addressed their switching capabilities® > and adsorp-
tion behaviour as well as surface-mediated metalation of free base
porphyrins.® The metalation can occur with predeposited and
postdeposited metal atoms, or via the so-called self-metalation
with atoms from an underlying metal substrate.”*® Thereby, the
free base porphyrin picks up a substrate atom and reacts to the
corresponding metalloporphyrin with the release of hydrogen.
Herein, we report on the self-metalation of 2HTTBPP on
Cu(111), which goes along with a massive intramolecular con-
formational change due to reduced molecule-substrate inter-
actions. In a vivid image, this process can be summarized as a
popping up of the molecular centre from the surface.

The investigation of free base porphyrins on single crystal
Cu surfaces recently received great interest, mainly due to the
very strong attractive interactions of the iminic nitrogen atoms of

Lehrstuhl fiir Physikalische Chemie II, Egerlandstrasse 3 and Interdisciplinary
Center for Molecular Materials (ICMM), Universitdt Erlangen-Niirnberg,

D-91058 Erlangen, Germany. E-mail: hubertus.marbach@fau.de

1 Electronic supplementary information (ESI) available. See DOI: 10.1039/c4cc03708a
I Present address: Helmholtz Institut Ulm and Institut fiir Oberflichenchemie
und Katalyse, Universitidt Ulm, Albert-Einstein Allee 11, D-89081 Ulm, Germany.
§ Present address: Fachbereich Chemie, Physikalische Chemie, Philipps-Universitit
Marburg, Hans-Meerwein-Strafe 6, D-35032 Marburg, Germany.

This journal is © The Royal Society of Chemistry 2014

the porphyrin macrocycle with Cu atoms from the substrate."* "

This interactions can give rise to very peculiar adsorption behaviours
like the one observed by STM for 2HTTBPP on Cu(111), see Fig. 1a.
The corresponding supramolecular structure exhibits a bimodal
appearance, Le. alternating bright and dark rows, which (predomi-
nantly) consist of convex and concave intramolecular conforma-
tions, respectively (see also Fig. 3a-h and discussion below).*

Upon heating, the bimodal supramolecular arrangement
undergoes massive transformations, as depicted in Fig. 1b-d.
Fig. 1b represents a transient situation after 10 minutes heating
at 330 K, ie. the onset of the formation of a monomodal
supramolecular structure, in the following referred to as hex A.
The most apparent change on the molecular level is the appearance
of pronounced protrusions, which occur pairwise and increase in
number with increasing heating time. In Fig. 1b, the bimodal
structure is still dominating, while only very few of the peculiar
protrusions are formed, preferentially at dislocations of the row
structure. A fully developed hex A structure is depicted in Fig. 1c;
this structure can be achieved either by prolonged heating at 330 K
or by heating for 2 minutes at 360 K. After heating the sample to
450 K for 2 minutes the molecular arrangements again changes
significantly and the whole surface is now covered with the
structure depicted in Fig. 1d, which is referred to as hex B.

In the following, we address the origin of this thermally
induced transformation from the bimodal structure into the
hex A and hex B arrangements. In previous studies of different
free base porphyrins on Cu surfaces, the so called self-
metalation reaction was observed.” ' For example, on Cu(111)
2H-tetraphenylporphyrin (2HTPP) reacts with Cu surface atoms
to CuTPP, at temperatures as low as ~ 390 K.® Therefore, one can
anticipate that a similar reaction occurs for the here investigated
2HTTBPP. To find out, whether such a reaction occurs, we
performed X-ray photoelectron spectroscopy (XPS). The corre-
sponding N 1s spectra in Fig. 2 indeed evidence that the
2HTTBPP reacts to CuTTBPP: 2HTTBPP has two non-equivalent
nitrogen atoms (iminic and aminic), yielding two clearly distinguish-
able N 1s peaks, as is evident from Fig. 2 (bottom). After heating the
sample to 450 K for 2 minutes, the spectrum shows only one

Chem. Commun., 2014, 50, 10225-10228 | 10225
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Fig. 1 Constant current RT STM images of ordered islands of a submonolayer of 2HTTBPP on Cu(111) prepared at RT, after different heat treatments:
(a) bimodal appearance observed for the as prepared layer (U = +1.3V, [ = 30 pA); (b) transition phase from bimodal to monomodal hex A phase after heating
for 10 minutes at 330 K (U = +1.3V, | = 30 pA); (c) fully developed hex A phase after heating for 2 minutes at 360 K (U = +1.8 V, | = 30 pA); (d) representing

monomodal hex B phase (U = —1.8 V, | = 30 pA).

peak (top spectrum), which is characteristic for the metalized
porphyrin, CuTTBPP, in which all four nitrogen atoms are equally
coordinated to a central Cu atom. In addition, we show two spectra
after heating to lower temperatures (350 K for 210 min, and 400 K
for 30 min). In these spectra, contributions from both, 2HTTBPP
and CuTTBPP, are seen, and from the relative intensities the
corresponding degrees of metalation can be determined, by using
a fitting procedure. Comparison of the XPS data with the STM data
yields the conclusion that the hex B structure consists of CUTTBPP.
For the preparation conditions of the partially metalated situations
shown in Fig. 2, we always observe coexisting domains in STM,
in which the surface ratio covered with hex B molecules roughly
resembles the degree of metalation determined in XPS.

N1s

450 K, 2 min
—» 100 % metalation

400 K, 30 min
—» 81 % metalation

350 K,35h
— 57 % metalation

Intensity (a.u.)

402 401 400 399 398 397 396
Binding Energy

Fig. 2 N 1s XP spectra of 2HTTBPP on Cu(111), for the as prepared layer
(bottom) and after the indicated heat treatments; the topmost spectrum
corresponds to fully metalated CuTTBPP.

10226 | Chem. Commun., 2014, 50, 10225-10228

To further shed light on the nature of the observed supra-
molecular structures, high resolution STM micrographs of
individual porphyrins were acquired and analysed. In Fig. 3, the
molecular arrangements are depicted (left), along with micro-
graphs of corresponding individual porphyrins within the arrange-
ments with submolecular resolution (center), and the extracted
intramolecular conformations (right). The conformational flexi-
bility of TTBPP species on different substrates is well known and
was reported before.'®° From the inspection of Fig. 3, it becomes
immediately apparent that the different supramolecular arrange-
ments go along with different intramolecular conformations. It is
well established that the appearance of the individual molecules
in STM is dominated by the four upper tert-butyl groups,'®™°
which form a rectangle as indicated in Fig. 3d, g, | and q. From the
lengths of the two sides s and [ of these rectangles, the intra-
molecular conformations can be extracted using the perimeter and
aspect ratio of the latter, according to a procedure described
elsewhere®'® (A sketch visualizing this procedure and additional
information is provided in the ESIt). In a simplified model, the
conformation of a molecule is described by twisting and/or tilting
the phenyl rings with respect to the porphyrin plane; the corre-
sponding twist angle is denoted as 0 and the tilt angle as ¢.'® The
full set of parameters for the supramolecular arrangements is
given in Table 1. In addition the two intramolecular conformations
in the bimodal phase were confirmed by STM simulations based
on DFT calculations of the electronic structure.*

The bimodal structure in Fig. 3a was recently investigated in
great detail by Ditze et al: the intramolecular conformation
with 6 =5 + 5° and ¢ = 35 &+ 5° resembles the shape of a bowl,
which can either occur standing “upright” on the surface
(Fig. 3c-e, concave conformation) or upside down (Fig. 3f-h,
convex conformation). The supramolecular order is formed by
alternating rows of molecules in the concave and convex
conformations. While the concave conformation is in line with
a strong attractive interaction of the iminic nitrogen atoms with
the Cu substrate, the convex conformation is stabilized by
entropic effects. This was derived from studying the thermally
induced reversible conformational switching of 2HTTBPP in

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Overview of the observed supramolecular porphyrin phases and the derived molecular models on Cu(111): (a—h) bimodal phase of 2HTTBPP as
prepared at room temperature. (i-m) hex A phase of 2HTTBPP after heating to 360 K for 2 minutes. (n—r) representing hex B phase of CuTTBPP after
thermally induced metalation reaction. The scanning parameters are: (@) U = +1.3V, | = 30 pA; (b—g) U = +1.8 V, | = 25 pA; (i-q), U = +1.8 V, | = 30 pA;
(@) 35.0 x 35.0 nmZ; (b, i, j, n, 0) 13.5 x 135 nm% (c. d. f, g, k. L, p, @) 2.5 x 2.5 nm?.

Table1 Overview of the supramolecular and intramolecular geometrical values, as extracted from STM data; a, b: lattice parameters, «: angle between
lattice vectors, p: molecular density, Sexp and lexp €xperimentally determined s and [ values, Smog and lmog S and [ values of the used models, 0: the twist

angle of the phenyl groups, ¢: the corresponding tilt angle

Phase | a[nm] b [nm] o [7] p [molecules per nm?] s, [nm)] lexp [Nm] Smod [MM]  Imoa [nm] 0[] ¢ [°]

Bimodal 1.90 + 0.10 2.00 +0.06 60 +5 0.30 0.70 £ 0.1 1.25 £ 0.1 0.72 1.34 5+5 35%5
hex A 1.75+£0.10 1.92 +£0.10 685 0.32 0.57 £ 0.1 1.07 £ 0.1 0.69 1.07 35/10£5 35+£5
hex B 1.81 £0.10 1.85+£0.05 605 0.35 0.87 £0.05 1.12 £ 0.05 0.85 1.10 75£5 5£5

the bimodal structure.” Upon moderate heating, the bimodal
structure transforms into the monomodal hex A structure (Fig. 3i),
i.e. all molecules exhibit the same intramolecular conformation
(Fig. 3k-m), and appear static, i.e. they do not show any thermally
induced switching. For this conformation the position of the
macrocycle is very similar to the concave conformation. The main
difference between these two conformations is that the four
phenyl rings are significantly twisted out of the porphyrin plane
(6 = 35 £ 5°) for hex A. From the close proximity of the porphyrin
macrocycle to the Cu substrate (Fig. 3m) and the information
from XPS that the porphyrin is not yet metalated in hex A, we
conclude that the strong attractive interaction of the iminic
nitrogen atoms of the free base porphyrin causes this conforma-
tion. In addition, the upper tert-butyl groups from the phenyl
rings with the larger twist angle (6 = 35 + 5°, indicated in red in
Fig. 3j, 1 and m) are arranged such, that they are in close
proximity to their likes of molecules in the neighboring rows
(Fig. 3i-k). As a consequence, the corresponding protrusions
from two neighboring molecules appear with a dumbbell
shape. This close proximity, together with the increased

This journal is © The Royal Society of Chemistry 2014

molecular density (bimodal: p = 0.30 molecules per nm?”, hex A:
p = 0.32 molecules per nm?), indicate an additional stabilizing
contribution from the attractive interaction between the corre-
sponding side groups. This interpretation is confirmed by the
observations of the onset of the hex A formation (Fig. 1b), which
is the formation of the pairwise protrusions between neighboring
concave molecules at dislocations in the bimodal structure,
already after 10 minutes at 330 K. Taking the irreversibility of
the conformational change from bimodal to hex A into account,
it appears that the hex A structure is energetically favorable over
the bimodal arrangement, but has to overcome some activation
barrier in order to be formed.

Upon further heating, the hex A structure transforms into
the hex B structure, as shown in Fig. 1d and Fig. 3n and o. From
the XPS data, it is evident that the free base porphyrin is
transformed to CuTTBPP in the hex B arrangement. The
intramolecular conformation drastically changes to a situation
where the center of the porphyrin with the coordinated Cu
atom is now significantly lifted above the Cu(111) surface. This
interpretation is also supported by a shift of the C 1s peak in

Chem. Commun., 2014, 50, 10225-10228 | 10227
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XPS to higher binding energies, in agreement with a reduced
final state screening as the molecule moves away from the
surface (see Fig. S3 in ESIT). Consequently, the twist angle
0 = 75 £ 5° changed such that the phenyl rings are almost
perpendicular to the porphyrin macrocycle. At the same time,
the tilt angle is also significantly reduced to ¢ = 5 + 5°. This
modified molecular conformation obviously allows for attractive
interactions between the side groups of neighboring CuTTBPPs,
as judged by the close proximity of the corresponding protrusions
(Fig. 3n and o) and the again increased molecular density of
p = 0.35 molecules per nm>. Overall, the intramolecular confor-
mation in hex B is very similar to the one expected for the isolated
molecule in the gas phase (0 = 70; ¢ = 0).>° Obviously, the strong
attractive interaction of 2HTTBPP with the substrate is almost
completely switched off by the insertion of the Cu atom. As a
consequence, the central part of the molecule literally pops up
from the surface, resulting in a very different intramolecular
conformation. In a vivid picture, the 2HTTBPP in the hex A phase
behaves almost like a loaded spring which is hold by the strong
attractive interactions of the iminic nitrogens with the Cu sub-
strate and is released upon metalation.

In summary, we gained detailed insights into the thermally
induced morphological and chemical transformations of 2HTTBPP
on Cu(111). Starting at ~330 K, the initially bimodal supra-
molecular structure changes to the monomodal hex A arrangement
with reduced intramolecular symmetry. At higher temperatures
and/or prolonged heating times, 2HTTBPP undergoes a metalation
reaction with Cu substrate atoms to form CuTTBPP in the hex B
phase. The observed massive structural change can be conclusively
explained by reduced molecule-substrate interactions after
metalation.

This work was funded by the German Research Council
(DFG) through research unit FOR 1878/funCOS and the Cluster
of Excellence ‘Engineering of Advanced Materials’ granted to
the FAU Erlangen-Niirnberg.
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Supporting Information

Determination of the internal conformation of 2HTTBPP on Cu(111)

The appearance of TTBPP molecules is usually dominated by the peripheral tert-butyl groups
such that four of them form a rectangle. The geometric shape of the rectangle (perimeter and
aspect ratio of long to short side) can be used to determine the intramolecular conformation of
the molecules based on the geometric considerations shown in Fig. S2. A detailed description of
the estimation procedure can be found in’.

Decrease of the _ " Increase of the
perimeter 2(s+l) aspect ratio s/l

Figure S1: Scheme on how the intramolecular conformation 2HTTBPP (given by the twist angle 6 and
tilt angle ¢ of the peripheral phenyl groups) determines the geometry of a rectangle (purple) formed by
four tert-butyl groups (yellow circles). (B) side view and top view of a space filling model of 2HTTBPP
with the phenyl group oriented perpendicular to the plane of the poprhyrin macrocycle (twist angle
0 =90°, tilt angle ¢ = 0°). In (C), a possible molecular deformation is shown, with the phenyl groups
rotated out of the porphyrin macrocycle plane (twist angle 6 > 0°). Thereby, the quadratic arrangment of
the upper tert-butyl groups (indicated by a yellow circle) changes to a rectangle, which effectively
changes the aspect ratio, s/l, of the short and long sides of the rectangle. In (A), the phenyl groups are
tilted upwards out of the plane of the poprhyrin macrocycle (tilt angle ¢ > 0°). Thereby, the distance
between the upper tert-butyl groups is reduced, resulting in a decreased perimeter, 2(s+l), of the
corresponing rectangle. By comparing the experimental values s, and ley, extracted from high-resolution
STM images with the values Sm, and ln.g measured from corresponding space filling models
(CambridgeSoft, Chem3D Pro 12.0.2.1076) an estimation of twist and tilt angle is possible.

Reference
(1) Buchner, F.; Comanici, K.; Jux, N.; Steinrlck, H.-P.; Marbach, H. J. Phys. Chem. C 2007,
111, 13531.



Bias voltage dependence of STM of 2HTTBPP and CuTTBPP on Cu(111)
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Figure S2: Set of images of bimodal, hexA and hexB domains at positive and negative bias. The
appearance of the molecules is due to their upper tert-butyl groups and thus to a large extent independent
of the bias voltage. All images were acquired in constant current mode with a tunneling current of 30 pA.



C 1s XP spectra
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Figure S3: C 1s XP spectra of 2HTTBPP on Cu(111) for the as prepared layer (bottom) and after the
indicated heat treatments; the topmost spectrum corresponds to almost fully metalated CuTTBPP (81 %,
see Fig. 2). Upon metalation of 2HTTBPP, the C 1s peak shifts slightly by 0.1 eV to higher binding
energies, in agreement with a reduced final state screening as the molecule moves away from the surface.
The shift is accompanied by a slight narrowing of the FWHM from 1.57 to 1.51 eV.
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ARTICLE INFO ABSTRACT

Available online xxxx We investigated the adsorption behavior of Co(II)-5,10,15,20-tetrakis-(3,5-di-tert-butylphenyl)-porphyrin
(CoTTBPP) on Cu(111) by scanning tunneling microscopy (STM). At room temperature (RT), the coverage depen-
dent adsorption behavior follows an expected scheme: at low coverage step decoration is found, which evolves
into supramolecular domains with a hexagonal order at higher coverage. Interestingly, upon cooling the sample
to 180 K the occurrence of a clearly distinguishable coexisting herringbone phase is observed. Upon heating to RT
again, the herringbone phase vanishes. Thus a temperature dependent, fully reversible phase transition was ob-
served. High resolution STM micrographs allow for the determination of the intramolecular conformations which
are different for the two supramolecular arrangements. In addition, we studied the bias voltage dependent ap-
pearance of the molecule in STM and assigned a dominant contribution of the central Co at negative bias voltages
close to the Fermi edge to the occupied dZ orbital. Interestingly, the herringbone phase, which dominates at
180 K, exhibits a significantly higher molecular density than the monomodal hexagonal arrangement at RT,
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Porphyrin

Scanning tunneling microscopy
Reversible phase transition
Self-assembly

Intramolecular conformation
Bias voltage dependence

which is in line with the “normal” behavior of freezing substances.

© 2015 Published by Elsevier B.V.

1. Introduction

The self-assembly of molecular building blocks into highly ordered
nanostructures on well-defined surfaces is a powerful approach towards
the fabrication of novel functional materials with outstanding properties
[1-9]. For such a bottom-up strategy, knowledge concerning the adsorp-
tion behavior of corresponding organic molecules on single-crystal metal
surfaces is of fundamental importance. Therefore, this research area has
become a fast growing field in surface science [2,5-7,10]. First, one gains
insight into the interactions of large organic molecules and solid supports,
which is a key issue for the development of functional interfaces and plays
an essential role for the controlled fabrication of molecular architectures.
Second, new ways open up to gain deeper insight into fundamental prop-
erties and functionalities of the utilized molecular building blocks. In this
context, scanning tunneling microscopy (STM) has proven to be a power-
ful experimental tool [7,11-13].

One important group of organic molecules is porphyrins, which are
main functional building blocks in many complex biomolecules in

* Corresponding author at: Lehrstuhl fiir Physikalische Chemie II, Universitat Erlangen-
Niirnberg, Egerlandstr. 3, 91058 Erlangen, Germany.
E-mail address: hubertus.marbach@fau.de (H. Marbach).

http://dx.doi.org/10.1016/j.susc.2015.11.024
0039-6028/© 2015 Published by Elsevier B.V.

nature and also in technological applications, due to their versatile func-
tionalities and distinct chemical and physical properties [14,15]. In this
respect, the self-assembly of porphyrin derivatives on metal surfaces
gained considerable attention, aiming to collect detailed information
on their fundamental properties, like electronic structure, conforma-
tional flexibility, and inherent reactivity [4,15-28]. The adsorption be-
havior of porphyrins, concerning intramolecular conformation and
supramolecular arrangement, strongly depends on the chemical nature
and structure of the surface [5,20,29], the coverage [24], the tempera-
ture [4,27,30], the presence or absence of a metal center [4,21,31,32],
and the peripheral side groups of the porphyrins [5,26,33,34]. The inves-
tigated porphyrins include tetraphenylporphyrins (TPPs) and tetrakis-
(di-tert-butylphenyl)-porphyrins (TTBPPs), with a central metal ion
(MTPP/MTTBPP) or without (2HTPP/2HTTBPP).

STM investigations of various MTPPs at room temperature (RT) basi-
cally found the same adsorption behavior for different surfaces, namely
self-assembly into supramolecular square arrangements [18,20,29,
35-41]. In contrast, TTBPP molecules exhibit a large variety of supramo-
lecular arrangements, ranging from no long-range order (ZnTTBPP on
Ag(100) [42]), square arrangements (PtTTBPP on Cu(100) [43],
CuTTBPP on Au(110) and Cu(100) [5]) and close-packed hexagonal
phases (2HTTBPP on Au(111) [44,45], 2HTTBPP and CuTTBPP on

Please cite this article as: M. Stark, et al., Reversible thermally induced phase transition in ordered domains of Co(II)-5,10,15,20-tetrakis-(3,5-di-
tert-butylphenyl)-porphyrin..., Surf. Sci. (2015), http://dx.doi.org/10.1016/j.susc.2015.11.024
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Cu(111) [31]) to a herringbone arrangement (CuTTBPP on Cu(111)
[46]). A previous, closely related STM study of CoTTBPP on Ag(111) re-
ported a variety of four different, partially coexisting structures, with
different intramolecular conformations and supramolecular arrange-
ments [33]. In that study, a hexagonal arrangement was found to be
the energetically favorable structure in the submonolayer range upon
deposition at RT, while upon heating a multilayer to elevated tempera-
tures a herringbone phase was found after cooling down to RT.

In most cases, a specific supramolecular long range order goes along
with a corresponding specific intramolecular conformation. The latter
can be described by the dihedral or so-called twist angle © around the
C-C-bonds between the phenyl rings and the porphyrin macrocycle
[5] and by the tilt angle & of the phenyl groups relative to the porphyrin
plane [47], as indicated for CoTTBPP in Fig. 1. The appearance of an indi-
vidual TTBPP molecule in constant current STM at positive bias voltages
is dominated by the uppermost tert-butyl groups, which appear as four
protrusions mainly reflecting the topography of the molecule [33,46,48,
49]. For © values close to 0°, that is, when the phenyl rings are parallel to
the surface, all eight tert-butyl groups are visible in the STM image,
resulting in eight protrusions surrounding the center of the molecule
[33,46,48,49]. The intramolecular conformation of the individual mole-
cule on a surface is generally regarded as the result of the subtle inter-
play of different factors like the steric repulsion between the ortho-
substituents and the porphyrin macrocycle, the interactions of the mol-
ecule with next neighbor molecules, and molecule-substrate interac-
tions or particular surface features [5,45].

In this work, we present a detailed investigation of the self-assembly
and temperature-dependent conformations of COTTBPP on Cu(111) by
STM. Our experimental results demonstrate that upon deposition at
RT, CoTTBPP molecules self-assemble into extended supramolecular do-
mains of hexagonal order. Interestingly, at reduced temperature (180 K)
a large fraction of the ordered domains undergoes a fully reversible
phase transition to a herringbone arrangement.

2. Experimental

The experiments were performed in a two chamber UHV system, at
abackground pressure in the low 10~ '° mbar regime. The microscope is
an RHK UHV VT STM 300 with RHK SPM 1000 electronics. The STM im-
ages were acquired, unless noted otherwise, at RT in constant current
mode with a Pt/Ir tip. The given bias voltages refer to the sample. The
STM images were processed with WSxM software and moderate filter-
ing (Gaussian smooth, linear background subtraction along the fast scan
direction) was applied for noise reduction [50]. The Cu(111) single crys-
tal was prepared by repeated cycles of Ar™ sputtering (500 eV) and an-
nealing to 850 K. Co(II)-tetrakis(3,5-di-tert-butylphenyl) porphyrin was
synthesized according to standard porphyrin synthesis protocols

Fig. 1. Structure of CoTTBPP with tilt and twist deformations indicated.

starting from commercially available 3,5-di-tert-butyl benzaldehyde
with a metalation degree >95%. The preparation of the porphyrin layers
was done in-situ via thermal sublimation from a home-built Knudsen
cell onto the substrate held at room temperature. Prior to use, the por-
phyrin was degassed in vacuum for 24 h at 420 K. With the evaporator
at 610 K, one monolayer was deposited in 20 min. The given unit cell pa-
rameters of the long-range ordered molecular arrangements (q, b, o)
and the values characterizing the intramolecular conformation (s, I)
are averaged over a multitude of measurements; the denoted errors
are the corresponding standard deviations.

3. Results & discussion

Upon deposition of COTTBPP onto Cu(111) at RT, initially the step
edges of the substrate are decorated with molecules. This can be ex-
plained by energetically favorable adsorption sites at the steps com-
pared to the terraces due to the lower coordinated step atoms. Such a
step decoration is shown in Fig. 2a. The actual adsorption structure
can be seen best in the close-up in Fig. 2b, where one molecule appears
with a central protrusion (caused by the d2 orbital of the Co atom, see
Fig. 5 and corresponding discussion below), surrounded by eight small-
er protrusions, which are assigned to the eight tert-butyl groups (six are
well visible, while the two on the lower side of the step are dim). The re-
duced intensity of the tert-butyl groups on the lower side of the step and
the position of the Co atom right at the step edge suggest an adsorption
site bridging the lower and the upper terrace [51].

On the terrace, indications for a so-called 2D gas phase are observed,
which are the stripy, horizontal features along the fast scan direction in
Fig. 2a, and also the elevated, noisy background in Fig. 2d. The 2D gas
phase is formed by mobile molecules diffusing over the surface faster
than the scanning speed of the STM tip. This observation indicates that
the diffusion barrier on the terraces is small, that is, molecule-substrate
interactions are not very site-specific and, therefore, individual mole-
cules are not immobilized on the Cu(111) substrate at RT.

At higher coverages, we observe the formation of well-ordered su-
pramolecular hexagonal arrangements, as shown in Fig. 2¢ and d.
Since all molecular islands in a large number of STM images are in con-
tact with at least one step edge (see e.g. lower right and top center left
edges of the molecular island shown in Fig. 2d), we propose that the
steps act as nucleation sites for the formation of the islands and contrib-
ute to the stabilization of the corresponding assemblies. Interestingly,
some of the islands continue their long range order even across step
edges (see Fig. 2c). For coverages up to one closed layer, all islands ex-
hibit the same supramolecular hexagonal arrangement at RT (Fig. 2e).
High resolution RT STM images of this hexagonal arrangement, partially
overlaid with scaled CoTTBPP models, are depicted in Fig. 3a-d. At the
given tunneling conditions (~1 V bias voltage), each molecule appears
with a central depression surrounded by eight bright protrusions that
are assigned to the eight tert-butyl groups of the molecule. The very
similar intensity of all eight protrusions indicates a “flat” adsorption ge-
ometry of the molecule, with the plane of the phenyl substituents paral-
lel or close to parallel to the surface. Upon close inspection, two less
intense protrusions are visible in the center of the CoTTBPP, and are
assigned to two upward bent pyrrole groups of the porphyrin core of
the molecule. This observation is in line with a saddle-shaped distortion
of the macrocycle, which is generally observed for phenyl meso-
substituted porphyrin derivates [20,40,41,52,53].

By using a method described elsewhere [3,33], the intramolecular
conformation of a TTBPP molecule, i.e. the tilt (P) out of the porphyrin
plane and the twist (©) around the C-C-bond to the porphyrin core,
can be determined for the di-tert-butylphenyl side-groups from the di-
mensions of the molecule in the STM images. In detail, that is, from the
length [ and width s of the rectangle that is formed by the brightest pro-
trusions due to the topmost tert-butyl groups (cf. red rectangles in
Fig. 3b and f); the latter are indicated in yellow in the space filling
models in Fig. 3b, d, f, and h. The results are summarized in Table 1
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Fig. 2. Coverage dependent adsorption behavior of COTTBPP on Cu(111): a) step decoration at low coverage (U = +1.03 V,1 = 29 pA); b) close-up on three molecules decorating a step
edge; the left and right molecules are indicated by the white frames (U= —0.4 V,1 = 29 pA). ¢) close-up on a supramolecular arrangement pursuing over a step edge (U = +1.30,1 =
36 pA). d) island formation at medium coverage (U = +1.22 V, I = 23 pA); e) completely covered surface at low resolution (U = +1.34 V, 1 = 35 pA).

and were used for the models overlaid in Fig. 3. The derived values for
tilt and twist angles indicate that the molecule is almost completely
flat; there is a small tilt angle of only 5° and a twist angle of only 10°. Al-
though the visual interpretation of the STM image suggests a twist angle
of 0°, height measurements of the tert-butyl groups (not shown) reveal
that there is indeed a small height difference of about 10 4 5 pm. This
height difference reflects the pairwise counter-directional twisting of
the side-groups of the molecule, i.e. neighboring side-groups are rotated
in opposite directions. This is expected for a saddle shape-distorted mol-
ecule, due to the steric repulsion of the (3- and ortho-hydrogen atoms.
As already discussed above, the molecule-substrate interactions for
CoTTBPP are not site specific enough to immobilize individual mole-
cules. Thus, the formation and stabilization of the supramolecular ar-
rangements are proposed to be mainly driven by intermolecular
interactions. From the scaled overlaid CoTTBPP models of the molecular
arrangement shown in Fig. 3b, it is obvious that the tert-butyl groups of
neighboring molecules are in close proximity. Therefore, we conclude
that the interactions between neighboring molecules are mainly medi-
ated via van der Waals forces between the tert-butyl groups. An illustra-
tion of the assumed interaction pattern is shown in the SI, Fig. S1.
Next, the structural evolution of COTTBPP will be addressed: starting
at RT, upon heating an almost closed CoTTBPP layer first a slight de-
crease in the total area covered by islands is observed, while at the
same time the area associated to the 2D gas increases. Such a behavior
is expected from simple thermodynamics due to an increased 2D
vapor pressure. This process continues up to 440 K, where the molecular
ordering is irreversibly destroyed. Most likely, dehydrogenation occurs
at this temperature, which was reported to occur at similar tempera-
tures for related systems [27,40,54]. Dehydrogenation usually starts at
the sterically hindered positions, resulting in the formation of new C-

C bonds while drastically changing the conformation of the molecule,
no longer allowing for the mutual stabilization.

Surprisingly, upon cooling the sample to below 220 K a new supra-
molecular arrangement, that is, a herringbone structure forms, which
coexists with the hexagonal between 180 and 220 K, as shown in
Fig. 4b and d. Interestingly, the phase transition from hexagonal to her-
ringbone arrangement upon cooling was found to be a reversible pro-
cess, as documented in Fig. 4.

The ratio of both structures shifts towards the herringbone phase
with reduced temperature: at ~180 K, the lowest achievable tempera-
ture in our experimental setup, 65 4 5% of the supramolecular ordered
area is in the herringbone phase, as deduced from a large number of
STM images. Detailed STM images of the herringbone structure are
shown in Fig. 3e-h. Again, under the given tunneling conditions,
CoTTBPP appears as eight protrusions surrounding a central cavity.
However, the intramolecular conformation of the molecules is clearly
different from that in the hexagonal phase: While the twist angle of
0 = 10° is similar, the tilt angle of & = 30° is much larger (c.f. Fig. 3d
vs. h). This increase in tilt angle results in a smaller surface area per mol-
ecule and thus a higher molecular density (0.34 vs. 0.28 molecules/nm?
for the hexagonal phase). The small twist angle of 10° could again be
verified by an apparent height difference of 5 + 4 pm of the associated
tert-butyl groups. However, the central elongated protrusion at high
negative bias voltage could not be observed for the herringbone confor-
mation, suggesting that the porphyrin backbone forms a less pro-
nounced or no saddle shape distortion. Indeed, DFT calculations for
CoTTBPP on Ag(111) show a local minimum in the potential energy sur-
face for the present combination of angles [55]. This calculated structure
does not retain the saddle shaped distortion of the macrocycle, but
forms a conformation, where all four pyrrole rings are tilted by 30° to
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Table 1

(Top) supramolecular and intramolecular geometrical values for the two arrangements on Cu(111), as extracted from STM data; q, b: lattice parameters of the unit cell, cz: angle between
lattice vectors, p: molecular density, [ and s: experimentally determined values of the rectangle, formed by the four brightest protrusions in the STM image, 6: the twist angle of the phenyl
groups, &: the corresponding tilt angle. (Bottom) for comparison, the corresponding parameter for Ag(111) is reproduced from reference [33].

Cu(111) a[nm] b [nm] al’] p [Mol/nm? I [nm] s [nm] 0[°] D [°]
Hexagonal 1.97 + 0.05 2.07 £+ 0.05 59 +1 0.28 1.37 + 0.05 0.70 & 0.05 10 5
Herringbone 1.90 + 0.06 1.77 £ 0.05 60 +1 0.34 1.25 + 0.07 0.63 + 0.06 10 30
Ag(111) [33] a [nm] b [nm] al’] p [Mol/nm?] [ [nm] s [nm] 0[°] D[°]
Hexagonal (hex B) 1.89 £ 0.10 1.89 £ 0.10 60 +1 0.31 1.11 £ 0.07 0.70 + 0.03 45 15
Herringbone 1.89 + 0.05 1.89 £ 0.05 60 +1 0.31 131+ 0.04 0.65 + 0.04 20 5

E)IRT

hexagonal * =

!

N
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Fig. 4. STM images documenting the temperature dependent reversible phase transition of herringbone and hexagonal phase. (a) and (c): pure hexagonal phases recorded at RT (U =
+1.30V,I =30 pA). (b) and (d): coexistence of hexagonal and herringbone phase recorded at 180 K (b) U = +1.26 V,I = 23 pA; d) U= —0.66 V,I = 29 pA).

one side of the molecule plane, while the tert-butylphenyl groups are
tilted in the opposite direction.

The intermolecular interactions stabilizing the herringbone arrange-
ment can be addressed via the overlaid space filling models in Fig. 3f and
more detailed in Fig. S1c and d in the SI. Like for the hexagonal phase,
the stabilization occurs via van der Waals interactions between the
tert-butyl groups. However, the interaction pattern for the tert-butyl
groups with neighboring molecules as shown in Fig. S1 in the SI suggests
that the number of interactions per molecule (as deduced by counting
the directly neighboring tert-butyl groups) varies for the two arrange-
ments from 16 for the hexagonal to 20 for the herringbone arrange-
ment. In addition, the average distance between these groups is
reduced by ~1 A for the herringbone arrangement compared to the

hexagonal one, which is in line with the higher packing density. From
the higher packing density (cf. Table 1), the larger number of interac-
tions, and the lower formation temperature, we conclude that the her-
ringbone arrangement is energetically favorable. In a thermodynamic
picture, the larger (negative) entropic contribution at RT lowers the
Gibbs free energy such that only the hexagonal phase forms at RT.
Along the same lines, from a microscopic point of view, at room temper-
ature, it is to be expected that a rotational motion of the tert-butyl
groups is excited (e.g., see Gribble et al. [56]), that is, the tert-butyl
groups are more or less freely rotating, which impedes a very dense
packing. At low temperature, this rotation could be frozen, which
would then allow for the formation of the more densely packed herring-
bone structure. This is in line with the rather fuzzy appearance of the

Fig. 3. High resolution STM images of the two observed arrangements at RT and at 180 K, demonstrating the different supramolecular ordering: a) hexagonal arrangement, b) overlaid with
space filling models; c) single molecule of the hexagonal phase, d) overlaid with a space filling model and additional side view of the molecular conformation (a)-d): U= +131V,I =
36 pA, T = RT). e) herringbone arrangement, f) overlaid with space filling models; g) single molecule of the herringbone phase, h) overlaid with a space filling model and additional side

view of the molecular conformation (e)-h): U = +1.26 V,1 = 23 pA, T = 180 K).
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molecules in the hexagonal phase at RT as depicted in the left column of
Fig. 3, compared to the well-defined images of the herringbone phase at
reduced temperature in the right column of Fig. 3.

When comparing the results for COTTBPP on Cu(111) to those on
Ag(111) [33], only two instead of four structures were found on
Cu(111). Although the two structures have the same overall appearance
(hexagonal and herringbone) on the two surfaces, there are significant
differences concerning the size of the unit cell and the internal confor-
mation, as is evident from Table 1, where in addition to the data for
Cu(111) also the values for Ag(111) are reproduced from [33]. These
differences are attributed to differences in the adsorbate-substrate in-
teractions on Cu(111) and Ag(111). For the hexagonal conformation,
the much smaller twist angle on Cu(111), that is 10° vs 45° on
Ag(111) results in a distance of the CoTTBPP macrocycle to the

substrate, which is about 1 A smaller than on Ag(111); therefore one
might deduce stronger attractive molecule-substrate interactions on
Cu(111) than on Ag(111). Notably, the herringbone structure on
Ag(111) was observed after deposition of multilayers of CoTTBPP
followed by subsequent heating to elevated temperatures in order to
obtain only a saturated monolayer. For the Ag(111) surface, no experi-
ments below room temperature were performed in ref. [33] and thus
no comparison of the temperature-induced changes is possible.
Finally, the bias voltage dependence of the intramolecular appear-
ance will be discussed. As mentioned above, there is a strong dependen-
cy of the appearance of the center of the molecule, that is, the Co atom,
on the tunneling conditions, due to the originally half-filled Co 3dZ or-
bital. A series of ST micrographs of CoTTBPP on Cu(111) in the hexago-
nal arrangement is shown with varying bias voltages in Fig. 5. The space

Fig. 5. Bias voltage-dependent appearance of CoTTBPP in the hexagonal phase at RT; the bias voltages are indicated in the figure (I = ~30 pA for all images).
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filling models in the lower part of Fig. 5 illustrate the different bias de-
pendent appearances of the molecule where the orange color indicates
a protrusion and the yellow color the most intense protrusion. Common
features present at all voltages are the eight protrusions of the tert-butyl
groups in the periphery of the molecule. This clearly demonstrates that
the appearance of the organic periphery of porphyrinoids is to a large
extent independent on the tunneling conditions and reflects the actual
topography. For the center, however, a pronounced dependency on
the bias voltage is observed: Above —0.44 V (Fig. 5d and g) an elongat-
ed protrusion is found in the center of the molecules which evolves into
an intense protrusion between —0.44 and —0.22 V (Fig. 5c and f). At
voltages larger than —0.22 V (Fig. 5a, b and e), the molecules appear
with a central depression, i.e. the orbitals with Co(d2) character are (al-
most) not involved in the tunneling process.

In order to understand this observation, the well-investigated elec-
tronic structure of CoTPP on Ag(111) will be briefly recapitulated [57]:
CoTPP shows a bias dependent appearance in STM, which is explained
by the specific electronic structure of the adsorbate complex. Notably,
CoTPP on Ag(111) also shows a saddle shape deformation of the
macrocycle. At bias voltages between — 0.4 and — 0.1V, CoTPP appears
with a central protrusion, which becomes elongated at voltages below
— 0.4 V. This behavior results from the specific electronic structure of
molecule and substrate: due to the interaction with the Ag surface, the
singly occupied Co(d2) molecular orbital (SOMO) is shifted below the
Fermi energy and is partially filled by electrons from the substrate.
The resulting highest occupied molecular orbital (HOMO) of the adsor-
bate complex still resembles the d2-orbital shape. At low negative bias
voltages, this HOMO dominates the appearance in STM, and the intense,
central protrusion reflects the d2 character of this orbital. At lower bias
voltages, also energetically lower lying orbitals contribute to the ap-
pearance in STM. These are orbitals with Co(dy, and d,) character
and orbitals with 1 character from the aromatic parts of the porphyrin
backbone. The result is the elongated protrusion in the center of the
molecule. Note that only two pyrrole groups are visible due to the sad-
dle shape deformation of the molecule. To summarize these results for
CoTPP on Ag(111), it was shown that the appearance in STM at small
negative bias voltages is dominated by a central protrusion at the posi-
tion of the Co atom, while at positive bias voltages it is dominated by the
topography of the organic part of the molecule. Similar results were
found for CoTPP on Cu(111) [58]. From these results, we conclude that
also for CoTTBPP on Cu(111) the intensity of the Co center dominates
the appearance in STM at negative bias close to the Fermi edge via an
orbital-mediated tunneling process via a Co(dz?)-Cu-orbital, induced
by molecule-substrate interactions [39,57,59]. This is in very good
agreement with corresponding ultra-violet photoelectron spectroscopy
(UPS) results for COTTBPP on Ag(111) [59], indicating that the interpre-
tation obtained for these system is, indeed, valid for CoTTBPP on
Cu(111) as well.

4. Conclusion

In summary, we report on the peculiar adsorption behavior of
CoTTBPP on Cu(111) with the main finding that a reversible phase tran-
sition from a hexagonal arrangement to a herringbone order occurs
upon cooling the sample from RT to 180 K. Thereby the herringbone
structure exhibits a smaller unit cell, which intuitively is in line with a
normal freezing process. We propose that the higher stability of the “ex-
panded” hexagonal structure at RT is due to an entropic contribution,
which effectively lowers the free Gibbs energy. This corroborates a re-
cent finding in our group that entropic contributions for “larger” func-
tional molecules around room temperature can play a decisive role
and should be generally considered [3]. Within this picture, the increase
of the entropic contribution can be realized by translation, rotation and
vibration of the molecule as a whole or of its parts, which is indeed
reflected in the noisier STM images at RT. The high resolution STM
data allowed for the detailed determination of the supramolecular

arrangement and the intramolecular conformation. Based on this data,
it was found that the intramolecular conformations within the two ob-
served supramolecular arrangements are significantly different, that is,
the molecules in the hexagonal phase exhibit a saddle-shape conforma-
tion of the macrocycle while the ones in the herringbone order are in a
conformation in which all pyrrole groups are oriented to one side of the
macrocycle with the phenyl rings oriented to the opposite side. A com-
parison with literature values of the same CoTTBPP molecule on
Ag(111) reveals that the distance of the macrocycle to the substrate is
around 1 A smaller for Cu(111). Thus it is proposed that the mole-
cule-substrate interaction is more attractive on Cu(111) than on
Ag(111). Finally, the bias dependent appearance of CoTTBPP on
Cu(111) in the hexagonal phase was investigated. Only within a small
negative bias voltage window (—0.44 and —0.22 V) a central protru-
sion is visible and dominates the appearance in STM; it is assigned to
an specific orbital-mediated tunneling process via a hybrid Co(d2)-Cu-
orbital.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.susc.2015.11.024.

Acknowledgments

The authors gratefully acknowledge the funding by the German Re-
search Council (DFG) through research unit FOR 1878/funCOS, the Clus-
ter of Excellence “Engineering of Advanced Materials” (http://www.
eam.uni-erlangen.de) and by the Collaborative Research Center SFB
953 at the Friedrich-Alexander-Universitdt Erlangen-Niirnberg.

References

[1] J.V. Barth, G. Costantini, K. Kern, Nature 437 (2005) 671.
[2] M. Chen, M. Rockert, J. Xiao, H.-J. Drescher, H.-P. Steinriick, O. Lytken, ].M. Gottfried,
J. Phys. Chem. C 118 (2014) 8501.
[3] S.Ditze, M. Stark, F. Buchner, A. Aichert, N. Jux, N. Luckas, A. Gorling, W. Hieringer, J.
Hornegger, H.-P. Steinriick, H. Marbach, . Am. Chem. Soc. 136 (2014) 1609.
[4] S. Ditze, M. Stark, M. Drost, F. Buchner, H.-P. Steinrtick, H. Marbach, Angew. Chem.
Int. Ed. 51 (2012) 10898.
[5] T.A.Jung, RR. Schlittler, ].K. Gimzewski, Nature 386 (1997) 696.
[6] H.J. Gao, L. Gao, Prog. Surf. Sci. 85 (2010) 28.
[7] E. Klappenberger, Prog. Surf. Sci. 89 (2014) 1.
[8] J.M. Gottfried, Surf. Sci. Rep. 70 (2015) 259.
[9] W. Auwdrter, D. Ecija, F. Klappenberger, ].V. Barth, Nat. Chem. 7 (2015) 105.
[10] M. Chen, X.F. Feng, L. Zhang, H.X. Ju, Q. Xu, ].F. Zhu, ].M. Gottfried, K. Ibrahim, HJ.
Qian, J.0. Wang, J. Phys. Chem. C 114 (2010) 9908.
[11] H. Marbach, H.-P. Steinrtick, Chem. Commun. 50 (2014) 9034.
[12] J.V. Barth, Annu. Rev. Phys. Chem. 58 (2007) 375.
[13] J.K. Gimzewski, C. Joachim, Science 283 (1999) 1683.
[14] M. Jurow, A.E. Schuckman, ].D. Batteas, C.M. Drain, Coord. Chem. Rev. 254 (2010)
2297.
[15] G. Di Santo, C. Sfiligoj, C. Castellarin-Cudia, A. Verdini, A. Cossaro, A. Morgante, L.
Floreano, A. Goldoni, Chem. Eur. J. 18 (2012) 12619.
[16] W. Auwirter, A. Weber-Bargioni, A. Riemann, A. Schiffrin, O. Groning, R. Fasel, J.V.
Barth, J. Chem. Phys. 124 (2006) 194708.
[17] Y. Bai, F. Buchner, I. Kellner, M. Schmid, F. Vollnhals, H.-P. Steinrtick, H. Marbach, J.M.
Gottfried, New J. Phys. 11 (2009) 125004.
[18] F.Buchner, K. Flechtner, Y. Bai, E. Zillner, 1. Kellner, H.-P. Steinriick, H. Marbach, .M.
Gottfried, J. Phys. Chem. C 112 (2008) 15458.
[19] F. Buchner, K. Seufert, W. Auwadrter, D. Heim, J.V. Barth, K. Flechtner, ].M. Gottfried,
H.-P. Steinrtick, H. Marbach, ACS Nano 3 (2009) 1789.
[20] F.Buchner, E. Zillner, M. Rockert, S. GlaRel, H.-P. Steinriick, H. Marbach, Chem. Eur. J.
17 (2011) 10226.
[21] K. Diller, F. Klappenberger, M. Marschall, K. Hermann, A. Nefedov, C. W4ll, J.V. Barth,
J. Chem. Phys. 136 (2012) 014705.
[22] S. Ditze, M. Rockert, F. Buchner, E. Zillner, M. Stark, H.-P. Steinriick, H. Marbach,
Nanotechnology 24 (2013) 115305.
[23] ]J.M. Gottfried, K. Flechtner, A. Kretschmann, T. Lukasczyk, H.-P. Steinriick, ]. Am.
Chem. Soc. 128 (2006) 5644.
[24] M. Stark, S. Ditze, M. Drost, F. Buchner, H.-P. Steinriick, H. Marbach, Langmuir 29
(2013) 4104.
[25] D.E. Barlow, KW. Hipps, ]. Phys. Chem. B 104 (2000) 5993.
[26] M. In't Veld, P. lavicoli, S. Haq, D.B. Amabilino, R. Raval, Chem. Commun. 13 (2008)
1536.
[27] J. Xiao, S. Ditze, M. Chen, F. Buchner, M. Stark, M. Drost, H.-P. Steinriick, J.M.
Gottfried, H. Marbach, J. Phys. Chem. C 116 (2012) 12275.
[28] G. Di Santo, S. Blankenburg, C. Castellarin-Cudia, M. Fanetti, P. Borghetti, L.
Sangaletti, L. Floreano, A. Verdini, E. Magnano, F. Bondino, C.A. Pignedoli, M.-T.
Nguyen, R. Gaspari, D. Passerone, A. Goldoni, Chem. Eur. J. 17 (2011) 14354.

Please cite this article as: M. Stark, et al., Reversible thermally induced phase transition in ordered domains of Co(II)-5,10,15,20-tetrakis-(3,5-di-
tert-butylphenyl)-porphyrin..., Surf. Sci. (2015), http://dx.doi.org/10.1016/j.susc.2015.11.024



http://dx.doi.org/10.1016/j.susc.2015.11.024
http://dx.doi.org/10.1016/j.susc.2015.11.024
http://www.eam.unirlangen.de
http://www.eam.unirlangen.de
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0005
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0010
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0010
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0015
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0015
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0020
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0020
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0025
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0030
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0035
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0040
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0045
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0050
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0050
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0055
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0060
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0065
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0070
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0070
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0300
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0300
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0080
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0080
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0085
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0085
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0090
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0090
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0095
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0095
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0100
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0100
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0105
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0105
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0110
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0110
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0115
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0115
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0120
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0120
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0125
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0130
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0130
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0135
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0135
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0140
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0140
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0140
http://dx.doi.org/10.1016/j.susc.2015.11.024

[29]

(30]
(31]

(32]
(33]

(34]

[35]

[40]

[41]
[42]

[43]

M. Stark et al. / Surface Science xxx (2015) XxX-xXx

J. Brede, M. Linares, S. Kuck, J. Schwobel, A. Scarfato, S.-H. Chang, G. Hoffmann, R.
Wiesendanger, R. Lensen, P.H.]. Kouwer, J. Hoogboom, A.E. Rowan, M. Bréring, M.
Funk, S. Stafstrém, F. Zerbetto, R. Lazzaroni, Nanotechnology 20 (2009) 275602.

F. Klappenberger, A. Weber-Bargioni, W. Auwadrter, M. Marschall, A. Schiffrin, J.V.
Barth, J. Chem. Phys. 129 (2008) 214702.

M. Stark, S. Ditze, M. Lepper, L. Zhang, H. Schlott, F. Buchner, M. Rockert, M. Chen, O.
Lytken, H.-P. Steinrtick, H. Marbach, Chem. Commun. 50 (2014) 10225.

H. Marbach, Acc. Chem. Res. 48 (2015) 2649.

F. Buchner, K. Comanici, N. Jux, H.-P. Steinriick, H. Marbach, J. Phys. Chem. C 111
(2007) 13531.

L. Grill, M. Dyer, L. Lafferentz, M. Persson, M.V. Peters, S. Hecht, Nat. Nanotechnol. 2
(2007) 687.

F. Buchner, V. Schwald, K. Comanici, H.-P. Steinriick, H. Marbach, ChemPhysChem 8
(2007) 241.

D.E. Barlow, L. Scudiero, KW. Hipps, Langmuir 20 (2004) 4413.

L. Scudiero, D.E. Barlow, U. Mazur, KW. Hipps, ]. Am. Chem. Soc. 123 (2001) 4073.
W. Auwdrter, A. Weber-Bargioni, S. Brink, A. Riemann, A. Schiffrin, M. Ruben, J.V.
Barth, ChemPhysChem 8 (2007) 250.

K. Comanici, F. Buchner, K. Flechtner, T. Lukasczyk, ].M. Gottfried, H.-P. Steinriick, H.
Marbach, Langmuir 24 (2008) 1897.

W. Auwdrter, K. Seufert, F. Klappenberger, J. Reichert, A. Weber-Bargioni, A. Verdini,
D. Cvetko, M. Dell'Angela, L. Floreano, A. Cossaro, G. Bavdek, A. Morgante, A.P.
Seitsonen, ].V. Barth, Phys. Rev. B 81 (2010) 245403.

F. Buchner, I. Kellner, W. Hieringer, A. Gorling, H.-P. Steinriick, H. Marbach, PCCP 12
(2010) 13082.

FJ. Williams, O.P.H. Vaughan, KJ. Knox, N. Bampos, R.M. Lambert, Chem. Commun.
15 (2004) 1688.

H. Yanagi, H. Mukai, K. Ikuta, T. Shibutani, T. Kamikado, S. Yokoyama, S. Mashiko,
Nano Lett. 2 (2002) 601.

[44]
[45]

[46]
[47]

(48]
[49]
(50]
[51]
(2]
(53]
(54]
[55]
(56]
(57]
(58]

[59]

T. Terui, S. Yokoyama, H. Suzuki, S. Mashiko, M. Sakurai, T. Moriwaki, Thin Solid
Films 499 (2006) 157.

T. Yokoyama, S. Yokoyama, T. Kamikado, S. Mashiko, ]. Chem. Phys. 115 (2001)
3814.

L. Grill, I. Stass, K.-H. Rieder, F. Moresco, Surf. Sci. 600 (2006) L143.

T. Kamikado, T. Sekiguchi, S. Yokoyama, Y. Wakayama, S. Mashiko, Thin Solid Films
499 (2006) 329.

F. Moresco, G. Meyer, K.-H. Rieder, H. Tang, A. Gourdon, C. Joachim, Phys. Rev. Lett.
86 (2001) 672.

F. Moresco, G. Meyer, K.-H. Rieder, ]. Ping, H. Tang, C. Joachim, Surf. Sci. 499 (2002)
94.

I. Horcas, R. Ferndndez, .M. Gémez-Rodriguez, J. Colchero, J. Gomez-Herrero, A.M.
Baro, Rev. Sci. Instrum. 78 (2007) 013705.

T. Terui, T. Kamikado, Y. Okuno, H. Suzuki, S. Mashiko, Curr. Appl. Phys. 4 (2004)
148.

L. Smykalla, P. Shukrynau, C. Mende, T. Ruffer, H. Lang, M. Hietschold, Surf. Sci. 628
(2014) 132.

J. Brede, M. Linares, R. Lensen, A.E. Rowan, M. Funk, M. Broring, G. Hoffmann, R.
Wiesendanger, J. Vac. Sci. Technol. A 27 (2009) 799.

L. Zhang, M. Lepper, M. Stark, D. Lungerich, N. Jux, W. Hieringer, H.-P. Steinriick, H.
Marbach, PCCP 17 (2015) 13066.

T. Wolfle, A. Gorling, W. Hieringer, PCCP 10 (2008) 5739.

G.W. Gribble, E.R. Olson, J.H. Brown, C.H. Bushweller, J. Org. Chem. 58 (1993) 1631.
F. Buchner, K.G. Warnick, T. Wolfle, A. Gorling, H.-P. Steinriick, W. Hieringer, H.
Marbach, J. Phys. Chem. C 113 (2009) 16450.

A. Weber-Bargioni, W. Auwadrter, F. Klappenberger, J. Reichert, S. Lefrangois, T.
Strunskus, C. Woll, A. Schiffrin, Y. Pennec, J.V. Barth, Chem. Phys. Chem. 9 (2008) 89.
T. Lukasczyk, K. Flechtner, L.R. Merte, N. Jux, F. Maier, .M. Gottfried, H.-P. Steinrtick,
J. Phys. Chem. C 111 (2007) 3090.

Please cite this article as: M. Stark, et al., Reversible thermally induced phase transition in ordered domains of Co(II)-5,10,15,20-tetrakis-(3,5-di-
tert-butylphenyl)-porphyrin..., Surf. Sci. (2015), http://dx.doi.org/10.1016/j.susc.2015.11.024



http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0145
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0145
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0145
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0150
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0150
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0155
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0155
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0160
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0165
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0165
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0170
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0170
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0175
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0175
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0180
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0185
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0190
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0190
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0195
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0195
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0200
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0200
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0200
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0205
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0205
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0210
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0210
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0215
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0215
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0220
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0220
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0225
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0225
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0230
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0235
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0235
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0240
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0240
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0245
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0245
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0250
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0250
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0255
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0255
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0260
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0260
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0265
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0265
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0270
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0270
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0275
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0280
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0285
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0285
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0290
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0290
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0295
http://refhub.elsevier.com/S0039-6028(15)00402-1/rf0295
http://dx.doi.org/10.1016/j.susc.2015.11.024

Reversible thermally induced phase transition in ordered domains of Co(l1)-5,10,15,20-tetrakis-
(3,5-ditert-butylphenyl)-porphyrinon Cu(111)

Michael Stark®, Stefanie Ditz&®, Michael Thoman#®, Dominik Lungericf®, Norbert Ju¥*,
Hans-Peter Steinriidk® and Hubertus Marbach® *

& Lehrstuhl fur Physikalische Chemie II, Universitat Erlangen-Nurnberg, Egerlandstr. 3, 91058
Erlangen, Germany.

® Interdisciplinary Center for Molecular Materials (ICMM) Universitat Erlangen-Niirnberg,
Germany.

¢ Lehrstuhl fur Organische Chemie I, Universitat Erlangen-Nurnberg, Henkestr. 42, 91054
Erlangen, Germany.

* Email: hubertus.marbach@fau.de

Supplementary Information:



Figure S1: visualizing the postulated interaction patternteft-butyl groups of neighboring
molecules for one molecule in the hexagonal (left column) and the herringbone arrangement
(right column). The interactions are indicated on STM images (upper part) and molecular models
(lower part) of the two arrangements. ((a): U=+1.31V,1=36 pA, T=RT, (b): U=+1.26 V, | =
23 pA, T =180 K)
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