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1 Introduction

1 Introduction

As we continue to face global difficulties such as climate change, resource scarcity, and
sustainability concerns, looking to nature for inspiration becomes even more important. By
incorporating natural world concepts into our technical advances, we have the ability to build a
more harmonious relationship between technology and the environment, leading to a more
successful and sustainable future for society as a whole. Achieving the goal necessitates better
understanding and optimization of key materials, products, or novel technical concepts. One
promising path in this direction is the miniaturization of building blocks in areas such as
catalysis, energy storage and conversion, or electronics, to name only a few (see [1-3] and
references therein). Thus, the precise design and fabrication of functional materials at the
molecular or atomic level have become significant challenges and prominent topics in both
industry and scientific research [1]. Nanotechnology, which deals with materials and devices at
the nanometre scale (from a few nm to < 100 nm), has opened new avenues for developing

materials with distinct properties and functionalities (see [4, 5] and references therein).

The primary goal of the nanotechnology miniaturization process is to increase the density of
functional elements [6]. The most prominent illustration of the trend towards miniaturization is
Moore’s Law, which states that the number of transistors per area of integrated circuits doubles
approximately every two years [7]. To maintain the trend of achieving and fabricating smaller
devices, two ways come into play: the top-down approach and the bottom-up approach. In the
top-down approach, larger structures are fabricated and then gradually reduced in size through
photolithographic processes [8] or other techniques. In contrast, in the bottom-up approach, the
fundamental building blocks are typically atoms or molecules. These building blocks are
manipulated or self-assembled into larger structures or devices [2]. Indeed, large organic
molecules have shown great potential for the formation of self-assembled nanostructures. These
molecules possess unique electronic and chemical properties that can be fine-tuned over a wide
range, making them excellent building blocks for nanotechnology applications [1, 5, 9]. Among
the class of nitrogen-containing macrocycles, porphyrins are omnipresent in nature [10, 11] and
are most exploited representatives, in part because of their significance to biology [12].
Examples are shown in Figure 1. Heme, characterized by the presence of an iron Fe (II) ion
coordinated at the center of a macrocycle, facilitates oxygen transfer and storage in the lungs
and cells of mammals. On the other hand, Chlorophyll a contains a magnesium Mg (II) ion at

its core and plays a crucial role in capturing light for photosynthesis in plants [13].



1 Introduction

HO,C

COyphytyl

chlorophyll a

heme

Figure 1: The two most prominent metalloporphyrins found in nature, heme and chlorophyll a. Modified
image from reference [8] used with permission.

Clearly, the choice of metal center and/or different substituents significantly influences the
functionalities of the porphyrin molecules. Hence, the vast diversity of porphyrins, with
metal centers encompassing most elements of the periodic table, has led to a wide range of
chemical and physical properties [14-20]. This variety makes porphyrins highly interesting and
valuable for numerous applications. For example, in catalysis to reduce nitric oxide [21], or to
synthesize cyclic carbonates from CO> [22], or in medical applications for photodynamic
therapies [23, 24]. Besides that, they have found use in chemical sensors [25, 26], or in the
development of cheap dye-sensitized solar cells on titania surfaces [27, 28], or in

nanotechnology, to name only a few.

Ionic liquids (ILs), on the other hand, are a class of compounds with a low melting point that
are composed entirely of molecular ions, solely cations and anions. Many ILs remain liquid
below 100 °C, often at or even near room temperature (RT) [29-31]. Moreover, ionic liquids
exhibit high thermal stability [32, 33], making them suitable for the use in catalysis [34, 35]
and energy storage [36]. Further, by tailoring their properties with different functional groups,
task-specific reaction media [37, 38] can be obtained. Due to their customizable
physicochemical features, they are also used in other applications, such as lubrication [39, 40],
sensors [41, 42], or in dye-sensitized solar cells [43, 44], to name only a few. Further, ILs
initiated new concepts for catalysis: the supported ionic liquid phase (SILP) [45-47] and the
solid catalyst with ionic liquid layer (SCILL) approaches [47, 48]. Moreover, due to their low
vapor pressure properties [49], ILs can be used as a liquid phase under ultra-high vacuum
(UHV) conditions, providing valuable insights into their adsorption behavior on solid surfaces

at the molecular level [34, 50-55].

Their inherent flexibility, diverse functionality, and low vapor pressure make them ideal
candidates for studying adsorption behavior on metal [14-16, 55] and oxide [56-61] surfaces

using whole arsenal of surface science techniques (see [17, 51, 62] and references therein). In

2
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particular, the combination of scanning tunneling microscopy (STM) and non-contact atomic
force microscopy (nc-AFM) emerged as a powerful real space experimental technique to pave
the way for the development of functional nanostructures and nanoscale devices with diverse

functionalities and potential applications in various fields.

The objective of this thesis is to further advance the fundamental understanding of the
adsorption behavior of various complex porphyrin derivatives and ILs on different surfaces at
room temperature (RT) or below using experimental techniques like STM and nc-AFM.
Specifically, the focus is on investigating the intramolecular conformation, intermolecular
interactions, supramolecular arrangements, and on-surface reactions of functionalized
tetraphenylporphyrins (TPPs) and simple ILs on surfaces. Ultimately, this information can be
instrumental in driving innovation and development of molecular scale technologies or catalytic

concepts with improved functionalities and tailored properties.

This thesis is a cumulative thesis based on four publications [P1-P4] in peer-reviewed
scientific journals (see Appendix A2). The work was performed in collaboration with groups
of Prof. Dr. Norbert Jux, Prof. Dr. Andreas Gorling, and Prof. Dr. Bernd Meyer (all from FAU
Erlangen-Niirnberg).

Chapter 2 briefly introduces the theories underlying the methods and experimental set-up, as
well as the substrates, porphyrins, and ionic liquids investigated. Chapter 3 gives a brief
overview of the central topic of the porphyrin literature relevant to this thesis and related
publications. Chapter 4 briefly summarises the results of the publications [P1-P4]. Finally, the

concluding Chapter 5 summarises the findings.
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2 Methods and Experimental Set-up

In the framework of this thesis, the primary experimental tools used to probe molecules and
substrates at the molecular or atomic level were STM and nc-AFM. The fundamentals
underlying these experimental techniques are introduced in this chapter. Furthermore, the

systems investigated — single crystals, porphyrins, and ionic liquids — are outlined.

2.1 Brief Historical Path of Scanning Probe Microscopy (SPM)

With the development of scanning tunneling microscope (STM) in 1981, Binnig and Rohrer
(Nobel Prize in 1986) strongly pushed the field of nanotechnology [63]. It was the first
instrument capable of imaging the surface features of a material in real space with atomic

resolution [64].

Aside from the impressive simplicity of its concept, the STM has some limitations and
challenges. The STM detects the current that flows between two conducting electrodes, a tip
and a sample surface upon applying a voltage. It is therefore limited to conducting or
semiconducting materials. In addition, due to the close proximity of the tip to the sample
(usually < 1 nm), extreme stability, shielding of sounds, and good vibrational isolation of the
microscope are required, which frequently necessitates performing STM experiments under

ultra-high vacuum (UHV) conditions.

It was discovered early on that there are significant local forces acting between the microscope
tip and the sample. In 1986, Binnig, Quate, and Gerber invented the atomic force microscope
(AFM) based on these forces [65]. The concept of using forces rather than current as the
imaging signal made it possible to study nearly any surface. However, the AFM took about

15 years to achieve true atomic resolution [66].

In AFM, a tip is mounted at the end of a flexible cantilever that deflects (or bends) linearly with
the applied force. Initially, the deflection was measured using an STM mounted on the
cantilever's metalized backside. Later, optical [67] and piezoelectric [68] detecting methods
were developed. AFM uses multiple operation modes depending on the application, which can
be classified as contact (also denoted as static) or non-contact (also denoted as dynamic). In the
contact mode, the tip is in contact with the surface and the force applied to the tip triggers a
proportional static deflection of the cantilever. In contrast, in non-contact mode the cantilever
is actuated close to its resonance frequency. The restoring force of the oscillation allows for
stable operation (avoiding the jump-to-contact problem) at close tip-sample distances without

physical contact. The resonance frequency of the cantilever is altered by the force between tip
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and surface during approach. This frequency shift is the origin of the amplitude and frequency

modulation mode of the non-contact AFM [65, 69].

In the attempt to achieve atomic resolution with AFM, various problems arose that slowed down
progress compared to STM. Firstly, contact AFM could not attain full atomic resolution due to
the greater contact area. Large oscillation amplitudes [70] were needed to solve the
jump-to-contact (snap-in) problem in nc-AFM, which causes soft cantilevers to break at the
surface. Large amplitude operation, on the other hand, was less sensitive to short-range forces
(which cause atomic corrugation) interfering with long-range forces. This issue was avoided by
using harder cantilevers. Besides, the non-exponential and non-monotonic force-distance
relationship impeded the hunt of atomic resolution even more. Furthermore, nc-AFM
necessitates multiple feedback circuits, requiring more sophisticated feedback electronics than
STM. Nonetheless, nc-AFM was able to achieve atomic resolution on metals, semiconductors,
and insulators over time. For a more detailed description of STM and AFM, the reader is

referred to [71-74] and references therein.

Following the realization of STM and AFM, a wide range of alternative scanning probe-based
techniques have been developed and are collectively referred to as “scanning probe
microscopy” (see [75] and references therein). Many of these devices have found widespread

use in both scientific research and industrial applications.

2.2 Scanning Tunneling Microscopy (STM)

The STM is based on the quantum mechanical tunneling effect [76]. Thereby, an electron with
a specific kinetic energy has a finite probability of overcoming a potential barrier that it could
classically not surmount. The tunneling particle is an electron whose wave function ¥ decays
exponentially in the potential barrier, which is given by the vacuum gap between a conducting
sample and a conducting tip. Thus, the probability density |¥?| of finding an electron at a
position behind the barrier is non-zero and allows for electron transmission. This phenomenon
is referred to as tunneling. Such an effect enables STM to probe the surface topography or
electronic structure of a flat sample surface using a sharp metallic conducting tip, which ideally
is monoatomic. Most commonly, wires from tungsten or platinum-iridium (9:1) alloys are used
for the tip, which is mounted on a piezoelectric control element that allows for a precise control
in x, y, and z directions. These precise movements are achieved using piezo actuators, which
are based on the reverse piezoelectric effect, i.e., they convert electric signals into mechanical

motion, typically from the sub A range up to a few um [77].
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Upon applying a bias voltage U, the potential of tip and sample are shifted with respect to each
other and a net tunneling current I of electrons from occupied sample to unoccupied tip states
(or vice versa, depending on the bias polarity) is observed. In general, this phenomenon occurs
when the distance d between tip and sample (potential barrier) is in the order of 1 nm or less.
The tunneling current I decays exponentially with increasing tip-sample distance d and is

represented by a simplified proportional equation [78].
[ oy e Emed 21

In Equation 2.1, ¢ is the barrier height between tip and sample, which corresponds
approximately to the average work function of tip and sample. Further, m, is the electron mass
and U is the applied bias voltage between tip and sample. After the tunneling contact is
established, the tip scans over the surface in a raster-like fashion, line-by-line. Typically, two
scanning modes are distinguished: constant current mode and constant height mode. In the
commonly used constant current mode, the tip-sample distance d is adjusted to maintain a
specific tunneling current, which can be set as an input for the z feedback loop. The imaging
signal is represented by the topographic displacements caused by the z piezo. In constant height
mode, the tip is scanned on a plane parallel to the surface without varying z. The imaging signal
is then the tunneling current itself. The constant height option allows for faster scan speeds but
needs the tip-sample junction to be extremely stable. This can be achieved through excellent

vibrational dampening, low drift rates, and an atomically flat surface.

2.3 Non-contact Atomic Force Microscopy (nc-AFM)

Atomic force microscopy can be performed in different modes based on its dynamic and static
characteristics and the type of interaction with the sample, which can be net repulsive or
attractive [75]. Here, only the dynamic mode AFM in the attractive regime, also known as
nc-AFM, will be discussed. In nc-AFM, a tip is connected to a driven oscillator, which ideally
applies a force on it according to Hook’s law F = —kz, where F is the spring force, k is the
spring constant, and z is the displacement. As oscillators, micromachined Si cantilevers are
commonly employed. Quartz crystal resonators, such as the qPlus [68] or KolibriSensor [79],
have gained popularity due to their higher stiffness. The increased stiffness enables the steady
operation of the resonator with small amplitudes, which improves sensitivity to short-range
forces and compatibility with simultaneous STM operation. The spring constant k, resonance
frequency f,, and quality factor Q define the cantilever. Overall, the cantilever motion can be

treated as a damped harmonic oscillator [72, 73].
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Figure 2: Schematic view of the frequency modulated AFM (FM-AFM) mode. A cantilever is forced to
oscillate. The deflection q is detected via a position-sensitive detector (PSD). Piezo elements regulate
the sample positions xs, ys, and z; with respect to the cantilever. In total, three feedback loops are used.
The amplitude loop keeps the maximum deflection (amplitude) of the oscillating cantilever constant. The
phase-locked loop (PLL) keeps the phase ¢ between the vibrating cantilever and the excitation signal
constant. The z-feedback loop keeps the frequency shift Af between the cantilever’s resonance
frequency fy and its eigenfrequency f constant by adjusting the sample position z, using piezo elements.

In Figure 2, a feedback scheme for frequency modulation AFM (FM-AFM) [72, 73] is shown.
The cantilever is excited to oscillate at its resonance frequency f,. In this context, the cantilever
is driven by a shaking piezo. The piezo vibrates at the cantilever’s resonance frequency f,, with

a constant phase shift of ¢ = g between the piezo and the cantilever. The laser beam is focused

onto the back of the cantilever and then reflected onto a position-sensitive detector (PSD),
where the cantilever deflection signal is detected. FM-AFM employs three feedback loops: the
amplitude controller, the phase-locked loop (PLL), and the z-feedback loop. The oscillating
cantilever’s deflection signal q is routed to the PLL and the amplitude loop. The latter feedback
loop described involves comparing the determined amplitude of the oscillating tip g, with an
externally provided reference value. The force used to excite the cantilever is then adjusted to
match the cantilever’s deflection amplitude q, with the reference value. This feedback
mechanism ensures that the cantilever’s oscillation remains stable and at the desired amplitude.
The dissipation / term represents the loss of kinetic energy per unit time in the oscillator,
primarily caused by friction. While operating in UHV conditions, the cantilever dissipation is
often quite low. Low dissipation is beneficial as it allows better sensitivity in detecting weak
tip-sample forces and leads to sharper and more defined resonance peaks, resulting in higher
imaging resolution. As the tip approaches the sample surface, the attractive interaction causes

a resonance frequency shift towards lower frequencies. The tip-sample interaction becomes
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repulsive very close to the surface, resulting in a positive frequency shift. To maintain a constant
phase shift ¢ between the oscillating cantilever and the excitation piezo element, a PLL is
employed that modulates the frequency of the excitation signal. Furthermore, the PLL
determines the resonance frequency f, of the cantilever, which is subsequently sent to the
z-feedback loop. In Equation 2.2, the frequency shift Af characterizes the difference between

the cantilever’s resonance frequency f;, and its eigenfrequency f [80].

AF =F~fo 22

The z-feedback loop maintains the frequency shift Af constant by adjusting the sample
height z; with piezo elements. As a result, the AFM controller can adjust the tip-sample distance
by changing the z-feedback loop’s reference value for the frequency shift Af. So, this mode is
known as FM-AFM. Further, the sample position can be adjusted along the lateral directions
using x, y controllers and additional piezo elements. This allows one to measure at multiple
points on the sample, through scanning the surface. The acquired height signal zg as a function

of lateral position is referred to as a topography-related map.

2.4 Experimental Set-up

In order to study the adsorption behavior of complex porphyrin derivatives and ILs on different
substrates, it is of utmost importance to keep the surface free from contaminations. Therefore,
the sample preparation and all scanning probe microscopy (SPM) measurements presented in
this work were performed under UHV conditions in two different chambers, hereafter referred
to as Chamber 1 and 2. Both chambers contain an STM, and Chamber 2 is additionally equipped

with a facility for AFM measurements.

2.4.1 UHYV Chamber 1

All experiments, sample preparations, and measurements on porphyrins were carried out in a
two-chamber UHV system with a base pressure in the low 107° mbar regime. To decouple
against external low frequency vibrations, the entire system rests on three Newport I-2000

laminar flow stabilizers (1.5 to 2.0 bar).

The home-built preparation chamber houses several sample preparation tools such as a SPECS
IQFE11/12 sputter gun and electron bombardment (or radiative) heating from a filament of an
Osram halogen light bulb (250 W) for cleaning and annealing the single crystals. For the
deposition of organic molecules (porphyrin derivatives), a home-built 3-fold and a 1-fold

Knudsen cell evaporator are used. Both evaporators can be individually pumped and separated
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from the chamber by VAT gate valves, allowing for fast sample exchange without breaking the
vacuum of the preparation chamber. A 3-fold Omicron Focus EFM 3 electron beam evaporator
is attached to the preparation chamber for deposition of different metals (Cu, Co, or Pd). In
addition, a 1-fold Omicron Focus EFM 3 electron beam evaporator is used in combination with
a quartz crystal microbalance (QCM, INFICON, SOM-160) to ensure stable and reproducible
evaporation rate for Co evaporation. Several gas inlets offer the possibility of dosing gases into
the chambers. For sample characterization, it is armed with a SPECS ErLEED optic for low
energy electron diffraction (LEED) and a Pfeiffer HiQuad QMG700 (m/z = max. 2000 atomic
units) quadrupole mass spectrometer (QMS) for the detection of large organic molecules
(porphyrin derivatives) and helium leak checks. In addition, the manipulator in the preparation

chamber is equipped with a heating and cooling system and a temperature readout.

The analysis chamber houses a commercially available RHK UHV VT STM 300 of the Besocke
design (beetle type) [81]. The STM is operated with RHK SPM 100 electronics, which is
connected to a PC for data acquisition via a digital interface. A FEMTO DLPCA-200 variable
gain, low noise current pre-amplifier is used to measure the low tunneling currents. Note that
the current denoted in publications [P1-P2] have to be multiplied by a factor of 10 (due to
different amplifier setting). This does not affect any of the conclusions. Radiative heating and
a flow cryostat permit sample temperatures ranging from ca. 200 to 500 K. The load lock can
be pumped separately and is separated from the analysis chamber by VAT gate valves, allowing
for quick load exchange of samples and tips. The STM images were obtained with a manually
cut Pt/Ir tip in constant current mode. The denoted bias voltage refers to voltage applied to the

tip relative to the sample potential.

2.42 UHV Chamber 2

Again, all experiments, sample preparations, and measurements on ILs were carried out in a
two-chamber UHV system with a base pressure in the low 107! mbar regime. To decouple the
system from external low frequency vibrations, the entire UHV system rests on four tunable
damping legs, and the AFM is additionally equipped with an eddy current damping mechanism.
In this case, the base plate of the VT AFM QO+ XA is surrounded by a ring of copper plates that
comes down between (permanent) magnets through a four-spring suspension system. The

spring suspension system can be blocked to allow for tip or sample transfer.

The preparation chamber houses several sample preparation tools such as a SPECS IQE11/35
sputter gun and electron bombardment heating for substrate cleaning and annealing. For the

deposition of different ILs, two IL evaporators are used in combination with a quartz crystal
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microbalance PREVAC (QCM, TM13, TMC13). The evaporator is built on a Tectra KC3-BODY
with a customized head, and the construction details are accessible elsewhere [82]. Both
evaporators can be pumped independently to avoid cross contamination and are decoupled from
the chamber by VAT gate valves, allowing for quick sample exchange without breaking the
vacuum of the preparation chamber. A 4-fold organic evaporator OmniVac VE 300 is used for
the deposition of organic molecules (porphyrin derivatives) and is currently dismounted. A
3-fold Focus EFM 3T electron beam evaporator is attached to the preparation chamber for the
deposition of different metals (Fe, Co, or Pt). Several gas inlets offer the possibility of dosing
gases into the chamber. In addition, an atomic hydrogen source Focus EFM H is equipped for
dosing hydrogen. For sample characterization, the chamber is armed with a Scienta Omicron
SPECTALEED optic for low energy electron diffraction (LEED) and a Pfeiffer Vacuum (OMA
200, OME 220, QMG 220) quadrupole mass spectrometer (QMS; m/z = max. 100 atomic
units) for residual gas analysis and helium leak checks. In addition, the manipulator in the
preparation chamber is equipped with a heating and cooling system and a temperature readout.
A separately pumped load lock chamber is connected to the preparation chamber via a VAT

gate valve, allowing for quick load exchange of samples, tips, or cantilevers.

The analysis chamber houses a commercial VT AFM O+ XA. STM or nc-AFM measurements
were conducted using the Scienta Omicron MATRIX system that comprises software, computer
hardware, and digital plus analog I/O electronics. The sample temperature can be varied using
a built-in PBN heater and a bath cryostat. Using liquid nitrogen, a minimum substrate
temperature of ca. 110 K is achieved, and it can be heated up to 500 K. A P¢-100 sensor is used
for temperature reading in analysis chamber. The STM images were obtained with a manually
cut Pt/Ir tip in constant current mode. The denoted bias voltage refers to voltage applied to the
tip relative to the sample potential. The AFM images were obtained in non-contact mode with
silicon cantilevers in constant height mode. The instrument also involves a UHV suitcase for
inter-chamber transfer of substrates, which can be attached to analysis chamber via a VAT gate

valve.

The raw STM/nc-AFM images were processed using the WSxM software [83]. Moderate

filtering (background subtraction, Gaussian smoothing) was applied for noise reduction.

2.5 Substrates: Ag(111), Cu(111), and Cu(110)

The adsorption behavior of porphyrin derivatives on Ag(111), Cu(111), and Cu(110) surfaces
was investigated using STM in UHV Chamber 1, and the adsorption behavior of ILs on Cu(111)
was probed using nc-AFM/STM in UHV Chamber 2.
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To comprehend the adsorption and reaction behavior of large organic molecules or ILs on
metallic substrates, a thorough knowledge of the atomic arrangement and electronic structure of
the surface is required. Both silver and copper crystallize in the face-centered cube (fcc) lattice,

as shown in Figure 3 (blue frame). The lattice constant of a silver crystal is a4 4, = 4.08 A, hence

the length of the unit cell vector on the < 111 > surface is gaAg = 2.89 A. In contrast, the

lattice constant of a copper crystal is ac, = 3.61 A, hence \/Z—EaCu = 2.55 A. Although both

crystals exhibit same surface geometry, due to their different electronic structure the Cu
substrate is more reactive surface than the Ag substrate. Because of the difference in reactivity,
both surfaces are suitable candidates for studying the adsorption and reaction behavior of
porphyrin derivatives or ILs. On the reactive Cu surface, the molecule-substrate interaction is
expected to be stronger due to the strong interaction of the iminic nitrogen atoms of the
porphyrin macrocycle, whereas on the rather inert Ag surface, molecule-molecule interactions
dominate. Hence, it is possible to compare experiments performed on both surfaces to better
understand how different functional groups influence the adsorption and reaction behavior of
porphyrin derivatives. The Ag(111) crystal was purchased from Surface Preparation
Laboratory, and the Cu(111) single crystal was purchased from MaTeck.

ng wu 19g°0

0.289 nm Ag(111)

AgeAg 0.408 rm 0.255 nm Cu(111)

Cu-Cu 0.361 nm

Figure 3: Surface phases (<111> and <110>) indicated by shading (red) in the perspective view of the
face-centered cubic (fcc) unit cell together with their top view of the atomic arrangement.

In addition, an experiment addressing the adsorption behavior of porphyrin derivatives was also
carried out on Cu(110) surface. This surface is characterized by close-packed Cu rows along
the < 110 > directions, resulting in a unidirectional corrugation. Its open structure is expected
to make this surface more reactive than Ag(111) or Cu(111), and it was therefore chosen as a
template substrate to study porphyrin derivatives. Figure 3 (red frame) shows the < 110 >
plane and the corresponding top view giving a next neighbor distance of 2.55 A and a row

distance of 3.61 A. The Cu(110) single crystal was purchased from MaTeck. All Ag(111),
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Cu(111), and Cu(110) single crystals have a specified purity of > 99.99 % and an alignment

of < 0.1° with respect to the nominal orientation.

In UHV Chamber 1, the single crystals are prepared by sequential cycles of Ar* ion
bombardment (600 or 700 eV, sample current between 5 to 12 pA for 3 h) at an Ar background
pressure of 5.5 X 1075 mbar, followed by annealing at 850 K. The annealing step is done with
a heating rate of 1 K/s to 850 K. This temperature is held for 10 minutes, followed by cooling
down to RT at a rate of 1/3 K/s. This relatively slow preparation procedure leads to larger
terraces and a lower number of steps. To avoid contaminating the sample surface with desorbing
species from the manipulator during the annealing process for Cu(111) and Cu(110), the

manipulator is cooled down and held at ca. 170 K.

In contrast, the preparation of Cu(111) in UHV Chamber 2 is slightly different. The Cu(111)
surface is cleaned by sequential cycles of Ar" ion bombardment (1 keV, sample current between
10 to 20 pA for 1 h) at an Ar background pressure of 5.5 X 107> mbar, followed by annealing

at 900 K for 10 minutes and cooling down to the desired temperatures ca. < 160 K.

2.6 Porphyrins

Porphyrins are a class of heterocyclic molecules in which the parent macrocycle (porphin) is
made up of four pyrrole rings connected by four methine bridges (i.e., at the position 5, 10, 15,
20) [84, 85]. Figure 4 shows the macrocycle’s compliance with Hiickel’s criteria (4n + 2) for

aromaticity, emphasizing that porphyrins have highly conjugated m-electron system [86].

+M
-2H*

Figure 4: Schematic view of metal-free porphin (left) and the corresponding metalated species (right).

The system also exhibits a tautomerism [13, 87, 88] in which the two aminic hydrogen atoms
(-NH-) can transfer intramolecularly to the adjacent iminic nitrogen atoms (=N-) on the surface,
either by thermally induced self-transfer [8§9] or STM tip manipulation; this behavior can be
imaged at cryogenic temperature of ~4 K [90, 91]. In the adsorbed state, the proton exchange
can be frozen, even at RT [92]. When the macrocycle is in the metal-free configuration
(free-base porphyrin), it does not contain a metal ion (or atom) bound to the nitrogen atoms in

the central cavity. As shown in Figure 4, the central cavity of macrocycle can coordinate a large
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variety of metal atoms by removing off the hydrogen atoms, resulting in metalloporphyrins. In
addition, a diverse range of porphyrin derivatives can be obtained by attaching functional end
groups to different positions of the macrocycle, as depicted in Figure 5. Due to this complexity,
the literature's nomenclature of porphyrins is often inconsistent. In order to characterize the
porphyrins studied in this thesis, the following, most commonly used nomenclature will be

adopted.

2H-TPP

ney__ Cu-TCNPP ,__

f*f
o = Q

NC CN

u-cisDCNPP

(2]

it
o = QO

NC,

ne, 2H-cisDCNP

o

CN

%
»

2H-TCNPTBP

” O
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QX
2 & O

7 )
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Figure 5: Schematic view of the porphyrin derivatives investigated in this thesis, namely Cu-TCNPP,
Cu-cisDCNPP, 2H-cisDCNPP (blue solid frame), 2H-TCNPTBP (green solid frame), and
2H-diTTBP(x)BPs (red solid frame), along with 2H-TPP (black solid frame).
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The porphyrin derivatives studied in this thesis are shown in Figure 5. The macrocycle can be
functionalized in two different positions: Substituents bound to the carbon atom of the methine
bridge are called meso-substituents (orange dashed frame), while substituents attached to the
pyrrole rings are referred to as f-substituents (green dashed frame) [93]. All molecules in
Figure 5 have phenyl legs substituted at each of the four meso-positions. As a result, these
molecules are commonly referred to as tetraphenylporphyrins. The groups employed to further
functionalize the porphyrins in meso-position are para-cyanophenyl (blue dashed frame) and
(3, 5-di-tert-butyl)-phenyl (red dashed frame). The molecules depicted in the blue solid frame
are referred to as cyanoporphyrins due to the functionalization with cyano groups at the
para-positions of the meso-substituted phenyl legs. A fourfold functionalization directly at the
p-position of the macrocycle (green and red solid frames) with benzene rings (isoindole groups)

leads to the class of tetrabenzoporphyrins [94].

The chemical structure in Figure 6 suggests that the tetraphenylporphyrin exhibits a relatively
flat intramolecular conformation. However, when molecules are adsorbed on a surface, the
orientation of the individual groups within them deviates from this flat geometry due to steric
hindrance. The macrocycle’s conformation is represented by the twist angle 8, which reflects
the rotation around the o-bonds, the tilt angle ¢, which corresponds to the inclination of the
phenyl rings and macrocycle plane, and the angle §, which describes the tilting of the pyrrole

rings relative to the macrocycle plane [95-99].

Top-view Side-views

3 :
Sl e

Figure 6: Top and side-views of space filling model of 2H-TPP illustrating macrocycle’s
conformational flexibility. The upward bent pyrrole groups are shown in yellow. The angle o refers to
the tilting of the pyrrole groups out of the macrocycle plane. The angle ¢ and 0 corresponds to the tilt
and twist angle of the phenyl legs.

Figure 6 depicts an example of “saddle-shape” intramolecular conformation, in which two
opposite pyrrole rings (yellow) are tilted upwards and the other two downwards, and the phenyl

legs are twisted. In Chapter 4, the “saddle-shape” conformation as well as the novel adsorption
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geometries “crown-shape” and “inverted” structure observed in this thesis are discussed in

more detail.

In the framework of this thesis, a variety of metal-free and metalloporphyrin films were
deposited by thermal sublimation from a home-built Kundsen cell [100] on Ag(111), Cu(111),
and Cu(110) at RT. All porphyrin derivatives (or compounds) shown in Figure 5 were
synthesized by the group of Prof. Dr. Norbert Jux from the Chair of Organic Chemistry II at the
FAU Erlangen-Niirnberg.

2.7 Ionic Liquids

Ionic Liquids (ILs) are molten salts consisting solely of molecular ions (anions and cations)
with a melting temperature below 100 °C and an exceptionally low vapor pressure [29-31, 34].
The low vapor pressure renders ILs vacuum stable and allows them to be used in the liquid
phase under vacuum conditions. Their unique property profiles are determined by a complex
combination of van der Waals, Coulomb, dipole, and hydrogen bonding interactions that are
rarely found together in other materials (see [34] and references therein). By tailoring their
properties with different functional groups or different anion-cation combinations, task-specific

reaction media can be obtained [37, 38].

The most commonly used anions are fluorinated borane, phosphane, or methanesulfonate
derivatives, or simply halogenides. Usual cations are imidazolium- and pyrrolidinium-based
ions with one longer alkyl substituent and one methane group. Other common cations are
quaternary ammonium ions or phosphonium ions [101, 102]. Figure 7 depicts the chemical and
molecular structure of the ionic liquid [CiCiIm][Tf:2N] investigated in this thesis, which was
deposited by physical vapor deposition (PVD) from a home-built Kundsen cell [82] on Cu(111)
at different temperatures. It was synthesized under ultra-clean conditions by a procedure

adapted from the literature described elsewhere [103].

[C.Ciim]* [szN]+
NN FsCL NG
ver” ¢ L) X ,ii G&K

Figure 7: The chemical and molecular model of the ionic liquid [C,;Cidm][Tf>N].
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This chapter will outline some key concepts and examples to describe the molecular
conformation, self-assembly, and chemical surface reactions of porphyrins on different

surfaces. These considerations are pertinent to the central theme of this thesis.

3.1 Molecular Conformation and Self-assembly

Molecular self-assembly is the spontaneous assembly of molecules under equilibrium
conditions into structured, stable, non-covalently joined aggregates [104]. Self-assembly on
metal surfaces is of particular interest since the confinement in two dimensions lowers the
number of possible interaction motifs, and the local probe STM/AFM allows for real space
examinations of the assembled networks. This enables a thorough understanding of the

underlying mechanisms, particularly molecule-molecule and molecule-substrate interactions.

In this context, porphyrins belong to the most promising candidates, both as model systems and
as useful molecular building blocks [14, 17, 105]. Moreover, they provide a diverse set of
derivatives with tunable properties due to the availability of a large number of substituents plus
different coordinated metal atoms at the core [105]. Porphyrins generally adsorb flat lying on
metal substrates, driven by van der Waals forces, with the plane of the macrocycle parallel to

the surface plane [105].

In a simplified picture, the intramolecular conformation of the adsorbed molecules reflects the
interplay of molecule-molecule or molecule-substrate interactions. For the most exploited
representative, the tetraphenylporphyrins, sterical hindrance of the 4-phenyl ligands at the
meso-position does not allow for a completely flat adsorption geometry, but leads to a
“saddle-shape” conformation on Au(111) and Ag(111)[14, 17, 105-107]. This indicates that by
changing the molecular structure, the intramolecular conformation can be influenced. For
example, by introducing a metal atom at the macrocycle core and four benzene rings (isoindole
groups) at the B-position of macrocycle, a peculiar “crown-shape” structure was observed for
Ni(II)-5, 10, 15, 20-tetraphenyltetrabenzoporphyrins (Ni-TPBP) on Cu(111) [108]. Moreover,
a “bowl-like” structure was observed for 2H-5, 10, 15, 20-tetrakis(3,5-di-tert-butyl)-
phenylporphyrins (2H-TTBPP) on Cu(111) by adding two bulky tert-butyl groups to the
meso-phenyl groups [99]. However, the molecular structure is not only determined by the
substituents but also by the macrocycle and its interaction with the surface. Jarvis et al. [109]
studied 2H-tetra(4-bromophenyl) porphyrin (2H-BrsTPP) on Cu(111) using STM and DFT

calculations. They proposed a “saddle-shape” conformation based on van der Waals
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interactions (without strong chemical interactions) being the dominant molecule-substrate
interactions. In contrast, in a similar system with 2H-TPP on Cu(111), Albrecht et al. [110]
observed a different conformation, in which the two iminic nitrogen atoms of the pyrrole ring
form a strong coordination with the underlying Cu substrate, yielding almost vertical pyrrole
rings. This conformation differs from the “saddle-shape” or “crown-shape” and was called the
“inverted” structure by Lepper et al. [111]. In fact, the different intramolecular conformations
of porphyrins are linked to the different degree of interaction of iminic nitrogen atoms of the

pyrrole or isoindole groups with the substrate atoms.

Further, the influence of the substituents linked to the porphyrin’s macrocycle is not only
limited to its intramolecular conformation, but the substituents can also have a significant
impact on the resulting supramolecular structure, making them a key element in self-assembly.
For example, a slight change from 2H-tetraphenylporphyrin (2H-TPP) to 2H-tetraphenyl-
tetrabenzoporphyrin (2H-TPTBP) with the addition of four isoindole (benzene rings) groups to
the f-position of macrocycle not only changes the mobility of the molecules but also the
self-assembly. For 2H-TPP, individually adsorbed molecules are observed on Cu(111) at low
coverage, whereas 2H-TPTBP forms ordered islands [112]. Furthermore, the sole difference
between 2H-TPP and 2H-tetrapyridylporphyrin (2H-TPyP) lies in the substitution of a single
carbon atom within each phenyl group, which is replaced by a nitrogen atom in the
para-position. As a result, 2H-TPP molecules form a long-range square arrangement on
Ag(111) at RT [113], while 2H-TPyP molecules arrange in a different structure [114]. These
examples illustrate that varying the porphyrin substituents is a successful route to control how
these supramolecular nanostructures self-assemble. To understand this, it is also necessary to

consider the underlying substrate’s influence on the adsorption behavior (see Figure 8).

Two distinct conformations of 2H-TPP are found on Ag(111) and Cu(111), which regulate its
adsorption behavior. On Ag(111), 2H-TPP molecules at RT exhibit high mobility and form a
long-range ordered structure with square unit cells due to weak molecule-substrate interaction
with “saddle-shape” conformation stabilized by T-type interactions of the peripheral phenyl
legs (see Figure 8, blue frame) [107]. In contrast, 2H-TPP on Cu(111) has strong interactions
with surface atoms, resulting in its “inverted” structure, where it adsorbs individually along the
high-symmetry crystallographic directions (white arrows in Figure 8, red frame), but without
forming 2D islands [111, 115]. These examples reveal that the adsorption behavior of large
organic molecules on well-defined single crystal surfaces is controlled by a complex interplay

of molecule-molecule and molecule-substrate interactions.

17



3 Literature Review
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Figure 8: Example of 2H-TPP adsorption behavior on Ag(111) and Cu(111). Weak molecule-substrate
interactions on Ag(111) result in 2D supramolecular arrangements via T-type interactions between
neighboring porphyrins, which have a “saddle-shape” conformation (blue frame). Because of the strong
molecule-substrate interaction on Cu(l11), molecules adsorb individually and orient along the
high-symmetry directions with an “inverted” conformation (white arrows in red frame).

So far, the supramolecular structure of porphyrins induced by non-covalent intermolecular
interactions has been discussed. However, covalent intermolecular bonding can also create a
supramolecular structure of porphyrins on surfaces. For bromine-functionalized porphyrins
(BrsTPP) on Au(111), Grill et al. [116] demonstrated in situ (by thermal annealing) covalently
linked networks via on-surface Ullmann-type coupling. Haq et al. [117, 118] demonstrated
further in situ synthesis of supramolecular structures, revealing porphyrin linkage via
C-Cu bond formation. In addition, a novel method to perturb supramolecular structures in situ
is the addition of CN groups to the periphery of TPPs that promote different binding motifs,
such as dipole-dipole interactions, H-bonds, or metal-organic bond formation (see [119, 120]

and references therein).

3.2 Surface reactions: In situ Metalation and Dehydrogenation

The ability of the porphyrin macrocycle to coordinate a wide spectrum of metal atoms not only
influences the electronic state but the inserted metal ion also acts as an active site, making it
suited for use in surface science investigations [14-17, 21, 121-123]. For example, the in situ
metalation of metal-free porphyrin (2H-TPP) with metal atoms from the substrate or by pre- or
post-deposition of metal atoms has been well studied by STM, scanning tunneling spectroscopy
(STS), AFM, X-ray photoelectron spectroscopy (XPS), and near edge X-ray absorption fine
structure (NEXAFS). For pre- and post-deposition, the in situ metalation of 2H-TPP has
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been shown to occur on Au(111) with Ni [124], on Ag(100) with Si[125] and on Ag(111) with
Co [105, 126] and Cu [127, 128] at RT, or with Fe [129, 130], Zn [131, 132] or Ce [133] after
moderate heating [16]. The work focused mostly on the chemical reactivity and the effect of
reactant deposition order. The metalation reaction of 2H-TPP with different metal atoms,

e.g., M = Cu, Co, Fe, to name only a few, can be written as:
2H-TPP (ad) + M°(ad) » M- TPP (ad) + H, (gas) 1

Self-metalation was initially demonstrated for 2H-protoporphyrin IX (2H-PPIX) on Cu(110)
and Cu(100) at RT [134]. The substrate’s reactivity is important, as indicated by other
observations of self-metalation of different porphyrins on Cu substrates [117, 127, 135] as well
as on Fe(110) and Ni(111) [136]. In contrast, no self-metalation reaction was observed on
relatively inert substrates such as Au or Ag. For 2H-TPP on Cu(111), Ditze et al. [137]
investigated the metalation rate and corresponding activation energy of the self-metalation
reaction by Arrhenius analysis at low coverage using STM at RT. Remarkably, not only the
molecules metalate during this process, but also the adsorption behavior changes [138]. Further,
Lepper et al. [139] evidenced that the self-metalation reaction of metal-free TPPs on Cu(111)
systematically decreases with an increasing number of cyano substituents (n = 0, 1, 2, and 4)
attached at the para-positions of the phenyl rings. In order to elucidate the mechanism of metal
coordination on the porphyrin macrocycle, DFT calculations were performed on 2H-porphyrin
in the gas phase [131]. A three-step reaction has been proposed: First, the reaction starts with
the formation of an initial complex, in which the metal atom is coordinated by the intact
unreduced porphyrin. In two subsequent steps, the pyrrolic hydrogen atoms are transferred to

the metal atom, forming H», which is eventually released [131].

Further, a peculiar in situ on-surface reaction type is dehydrogenation that happens around
450 to 500 K. Using temperature-programmed desorption (TPD), supported by XPS and STM,
Rockert et al. [140] identified three reactions for 2H-TPP on Cu(111): Metalation with Cu
substrate atoms at 400 K, stepwise partial dehydrogenation at 450 K, and finally complete
dehydrogenation (formation of new intramolecular C-C bonds between the pyrrole and the
meso-phenyl groups) at 500 K [141]. A similar type of reaction has been observed for 2H-TPP
on Ag(111), resulting in temperature-induced ring closure and a planar configuration [142].
Likewise, on-surface dehydrogenative coupling is not only confined to intramolecular C-C
bond formation, but can also be used to cross-link other carbon-based compounds to porphyrins

(see [143] and references therein). For example, He et al. [144] observed fused tetrapyrroles on
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graphene edges by surface-assisted covalent coupling by heating porphin and graphene sheets
on Ag(111) to 620 K.

To sum up, metalation of porphyrins happens at or slightly above RT, whereas dehydrogenation
necessitates a higher heating temperature. Consequently, porphyrin properties, as well as
molecule-molecule and molecule-substrate interactions, can be altered in situ using these

reaction types, which is relevant to this work.
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The work presented in this chapter has been published. Figures and texts are reprinted and
modified. The part presented in this thesis is shortened compared to the original publication
and focuses mainly on the adsorption behavior, molecular conformation, self-assembly, in situ
metalation reaction, and dehydrogenation using STM, nc-AFM, and DFT calculations plus
complementary XPS on single crystal metal surfaces. The published papers [PI1-P4] are
attached to the Appendix A2 and provide a detailed discussion of each system investigated.

The findings aim to understand the fundamental aspects of adsorption behavior as well as
chemical interactions of porphyrin molecules (the central theme of this thesis) and ILs on metal
surfaces, which is key for the advancement of various fields such as nanotechnology and
catalysis. Here, porphyrin molecules and ILs deposited on a metal surface may either strongly
interact with the substrate or move freely (due to high mobility resulting from low diffusion
barriers) on the substrate to form well-ordered supramolecular structures. The outcomes are
driven by the complex interplay of molecule-molecule or molecule-substrate interactions. In
order to draw conclusions regarding the interplay of the interactions, the intramolecular
conformation of molecules as well as their supramolecular order must be thoroughly
investigated. Success hinges on the selection of molecular building blocks, reactivity and

symmetry of underlying substrates, as well as activation conditions.

4.1 Cyano-Functionalized Porphyrins on Cu(111) [P1]

The extensive investigation of 2H-TPP interaction on single crystal surfaces has established
this system as a well-known reference system [15, 107, 110, 111, 115, 127,129, 131, 137, 145].
On Cu(111) at RT, individual 2H-TPP were observed due to strong molecule-substrate
interaction between the iminic nitrogen atoms of the porphyrin and the Cu atoms of the
substrate [111, 115]. In contrast, on Ag(111) supramolecular structures of 2H-TPP are formed
as a result of T-type intermolecular interactions between the peripheral phenyl substituents of
neighboring molecules [107]. Due to the different interplay of interactions on the two different
substrates, two different intramolecular conformations, namely “inverted” and “saddle-shape”,
were observed on Cu(111) and Ag(111), respectively. This section focuses on the changes
introduced by cyano groups (n = 2-cis, 4) at the para-position of the meso-substituted phenyl

legs of tetraphenylporphyrins with and without a metal (Cu) center.

The adsorption behavior of three related cyano-functionalized tetraphenylporphyrin derivatives

was investigated on Cu(111) by STM as a function of temperature combined with DFT
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calculations. The goal was to identify the role of the cyano groups and the central
Cu atom. Figure 5 (blue frame) in Section 2.6 depicts the chemical structures of
these porphyrin derivatives: Cu-5,10,15,20-tetrakis-(p-cyano)-phenylporphyrin (Cu-TCNPP),
Cu-meso-cis-di(p-cyano)-phenylporphyrin (Cu-cisDCNPP), and 2H-meso-cis-di(p-cyano)-
phenylporphyrin (2H-cisDCNPP). Figure 9a-f (blue frame) depict STM images of
sub-monolayer amounts of Cu-TCNPP deposited and measured on Cu(111) at RT. Cu-TCNPP,
with four cyano groups, forms a 2D hexagonal honeycomb-type structure with triangular pores
coexisting with 1D double-row molecular chains. The self-assembled ordered islands often
grow from step edges onto the terraces, indicating that the steps are energetically favored

adsorption sites acting as nucleation centers [16].

The individual molecules (see Figure 9a-b) in both motifs appear as six protrusions, which are
arranged in two parallel groups of three protrusions. The outer four protrusions correspond to
the peripheral phenyl substituents, while the two central protrusions correspond to the
slightly upward bent pyrrole groups. This is evident from Figure 9d, where the STM image
from Figure 9c is superimposed with a scaled molecular model; this appearance is attributed to
a “saddle-shape” conformation [106, 107, 109, 146]. This results from a subtle balance between
molecule-molecule and molecule-substrate interactions, and steric forces within the molecules.
In contrast, for metal-free 2H-TCNPP on Cu(111), an “inverted” structure was found,

characterized by direct N-Cu bonds and two nearly vertical pyrrole groups [120].

Figure 9¢ shows a high-resolution STM image of a 2D triangular porous honeycomb-type
structure, with a primitive hexagonal unit cell with unit cell vectors of 3.0 £ 0.15 nm and
y = 60 x 2°, containing 3 molecules per unit cell. To gain further insight into the structure
formation, the STM image from Figure 9e¢ is overlaid with scaled molecular models of
Cu-TCNPP in Figure 9f. This comparison shows that neighboring cyano groups face each other
at the corners of the triangular pores. Here, three Cu-TCNPP molecules are rotated by 60° with
respect to each other to form the regular triangular pores. Closer inspection reveals that the
observed ordered network structure of Cu-TCNPP on Cu(111) is not due to mutual stabilization
via attractive interaction, as reported for 2H-TCNPP on Ag(111) [120]. A direct CN-NC
interaction is not expected due to electrostatic repulsion, and due to the large distance of
peripheral cyano groups, T-type interaction, - i intermolecular stacking, hydrogen bonds, and
dipolar coupling are ruled out [107, 119, 147]. Since the Cu(111) surface is known to offer
adequate native adatoms, the 2D triangular porous honeycomb-type networks are stabilized via
CN-Cu-NC interactions, in which the adatoms at the corners of the triangles fuse together with

two Cu-TCNPP molecules [120].

22



4 Results

a) Cu-TCNPP & i) 1 ¥*Cu-cisDCNPP
e A3

.
fJ_U?ﬁi
7

LI S oup & = =
Ve S &
%

uk‘r’fzﬂb}‘{; Jioe 2 X

' A | B
‘@j?r,‘_g‘:;_%";u r r;:“‘@\,{’ r,wo‘)’}‘% .

2 ; 153 1‘3 é;:n‘ T FoAS ﬁjégéf T L
nm 3 I vl S Ol

S DR é{?e,_‘.;.f,?_é"rn ]

s)‘lg\- Ty r}-.g 7

Figure 9: a) An average frame of 15 consecutively recorded STM images (30x30 nm?*) of Cu-TCNPP,
deposited and measured at RT, showing a 1D linear parallel structure and a 2D porous hexagonal
honeycomb-type structure. b) Short 1D parallel molecular chains (5%5 nm?). ¢) High-resolution STM
image (1.5%1.5 nm?) of a single Cu-TCNPP molecule with six protrusions, which are ascribed to the
two iminic pyrrole groups (center) and the 4 phenyl (peripheral) groups. d) Single Cu-TCNPP molecule
from (c) overlaid with a molecule model. e) STM image (10x10 nm?) of the highly ordered 2D porous
honeycomb-type pattern with the lattice vectors of the unit cell indicated as dashed yellow lines. f) STM
image of (e) overlaid with scaled models of Cu-TCNPP molecules. g) STM image (100x100 nm?)
showing the full monomodal transformation of Cu-TCNPP after annealing at 400 K for 10 min.
h) DFT-optimized structure of the porous honeycomb-type network showing a hexagonal
(7N3x7\3)R30° superstructure, in which the molecules are linked through Cu adatoms on Cu(111).
i) STM image (80%80 nm?) showing Cu-cisDCNPP deposited and measured at RT. j-k) High-resolution
STM image (7.5%7.5 nm?) showing a monoflake with molecular model superimposed. ) STM image
(100x100 nm?) showing 2D porous network formation after annealing at 400 K for 1 h. m-n) Close-up
STM image (10x10 nm?) with unit cell and tentative molecule model overlaid. o) STM image
(30x30 nm?) showing 2H-cisDCNPP deposited and measured at RT. p) STM image showing
Cu-cisDCNPP (30%30 nm?) converted from 2H-cisDCNPP by annealing at 400 K for 5 h. q-r) Close-up
STM image (10x10 nm?) with unit cell and tentative molecule model overlaid. s) DFT-optimized
structure of the porous honeycomb-type network with terminal CN groups connected by Cu atoms. The
STM images were measured with Upias between -1.22 and -1.0 V and L between 288 and 303 pA; for
details see [P1]. Modified images and text from [P1] used with permission.
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Figure 9g shows the STM image acquired at RT after heating the deposited Cu-TCNPP films
to 400 K. The annealing results in a complete transformation to a hexagonal honeycomb-type
structure with pronounced long-range order, without any 1D molecular double-row chains. In
order to understand the driving forces that lead to the formation of the triangular porous
hexagonal honeycomb-type structure of the adsorbed porphyrins, extensive DFT calculations
were performed. Figure 9h shows a DFT-optimized structure model based on the STM image

of Figure 9g. The calculated commensurate primitive hexagonal unit cell corresponds to a

(74/3 x 7+/3) R30° superstructure with a lattice vector of 3.09 nm, which is in good agreement
with the experimental values. In this structure, Cu-TCNPP molecules adsorb on the bridge sites,
while the connecting Cu adatoms occupy threefold hollow sites. This information solely
stems from the DFT calculations and not from STM (for details refer to [P1]). Furthermore,
heating to 450 K leads to the formation of new species (randomly orientated individual
molecules with four protrusions), which is tentatively assigned to the formation of
intramolecular C-C bonds between the pyrrole and the phenyl groups following the

dehydrogenation process [140, 141, 148] (not shown here, for details refer to [P1]).

Next, the number of cyano-functionalized substituents was changed from n = 4 to n = 2-cis
configuration. Figure 9i-k (red frame) depict STM images of Cu-cisDCNPP deposited and
measured on Cu(111) at RT. It forms monoflakes with a triangular pore, along with bi- and
multiflakes, all of which transform into the 2D porous hexagonal honeycomb-type structure at
400 K (see Figure 91-n, red frame). Overall, the individual molecules within the flakes or
honeycomb-type structure are characterized by two parallel elongated protrusions, which is
identical to that proposed for Cu-TCNPP and indicates a “saddle-shape” conformation.
Furthermore, its porous structure is identical to that of Cu-TCNPP and is stabilized by the local

CN-Cu-NC bonding motif, as shown in DFT-optimized structure in Figure 9s (green frame).

Finally, the adsorption behavior of the metal-free 2H-cisDCNPP on Cu(111) at RT was
investigated. 2H-cisDCNPP shows no order at RT (see Figure 90, green frame), but is adsorbed
as individual molecule, appearing as four bright lobes in the periphery and two dominating
protrusions in the center (here it appears as one longish protrusion due to a different tip
termination). The intramolecular conformation and adsorption behavior are very similar to that
of 2H-TCNPP on Cu(111), where it is characterized by an “inverted” structure [120]. The
deposited 2H-cisDCNPP films were then annealed at 400 K, resulting in an almost complete
transformation into the same perfectly ordered 2D triangular porous hexagonal
honeycomb-type structure as the other two porphyrins (see Figure 9p-r, green frame). The

individual molecules within the long-range ordered structure appear as six protrusions, which

24



4 Results

are arranged in two parallel rows of three protrusions. The intramolecular conformation is
identical to that observed for Cu-TCNPP, indicating that 2H-cisDCNPP self-metalates with Cu
atoms from the substrate to form Cu-cisDCNPP. Overall, the ordered 2D network has the
identical triangular pore structure as described above for Cu-cisDCNPP and Cu-TCNPP, and is
stabilized by CN-Cu-NC interactions.

To sum up, the ordered flakes and the porous hexagonal honeycomb-type structures all share
the same structure-forming element: porous porphyrin triangles (distance of 3.1 nm) fused
together via CN-Cu-NC interactions with Cu adatoms. The three porphyrin molecules are
rotated 60° with respect to each other and aligned parallel to the substrate high-symmetry
directions. Furthermore, the internal structure of the unit cell indicates that interactions between
the other two porphyrin ligands — Cu-TCNPP with CN groups, and Cu-cisDCNPP and
2H-cisDCNPP without CN ligands — do not contribute significantly to the formation of the
long-range ordered porous structure. This observation suggests that cyano-phenyl groups
(n = 2) in the “cis” position are the minimum requirement for the formation of a highly ordered
2D porous molecular pattern and that they are involved in directed attractive interactions.
Complementing the STM, the DFT calculations provide detailed insights into the various
energetic contributions leading to the observed long-range ordered hexagonal honeycomb-type

structure with triangular pores, which is thermodynamically stable. For details refer to [P1].

4.2 Cyano-Functionalized Benzoporphyrin on Cu(111) [P2]

Following the investigation of the fundamental aspects of the adsorption behavior of three
related cyano-functionalized tetraphenylporphyrin derivatives discussed above, this section
summarizes the adsorption behavior and structure formation of a novel cyano-functionalized

benzoporphyrin.

Figure 5 (green frame) in Section 2.6 depicts the chemical structure of 2H-5,10,15,20-
tetrakis(4-cyanophenyl)-tetrabenzoporphyrin (2H-TCNPTBP), a tetrapyrrolic macrocycle
functionalized with cyanophenyl substituents at four meso-positions, with each cyano end
group pointing outward, and with benzene rings at four f-positions. To investigate the influence
of linker groups (cyano- and isoindole (benzopyrrole) groups) on adsorption and self-assembly
as a function of temperature, a sub-monolayer amount of 2H-TCNPTBP was deposited and
measured at RT on Cu(111). 2H-TCNPTBP, with four cyano- and four isoindole groups, shows
the coexistence of three prominent molecular arrangements, namely, a Kagome lattice structure,

a quadratic pattern, and a hexagonal structure (see Figure 10).
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Figure 10: (Top) Overview STM image of 2H-TCNPTBP on Cu(111); (100 % 100 nm?, Uyius = 1.00 'V,
Lot = 298 pA) measured at RT, showing the coexistence of three ordered phases, the Kagome structure
(red), the quadratic structure (vellow), and the hexagonal structure (violet), with the molecules indicated
as green circles. The stripy, horizontal features are attributed to fast diffusing molecules, that is, a 2D
gas phase, which coexists with the ordered 2D phases. (Bottom) The three observed structures on an
enlarged scale. Original images and text from [P2] used with permission.

Figure 11 depicts the results for the Kagome (a-c, blue frame) and the quadratic structure (d-f,
red frame). The individual molecules within the ordered phase of the Kagome and quadratic
structures are characterized by two parallel rod-like bright protrusions with an elongated
depression in-between and adopt a “saddle-shape” conformation [106, 107, 109, 146]. In the
supramolecular Kagome arrangement, each molecule is connected to four neighbors, with three
molecules forming an intersecting network of corner-sharing triangles. The structure is
described with a primitive hexagonal unit cell (60 + 2°) containing three molecules. The
primitive hexagonal unit cell corresponds to a (17 X 17) superstructure with a lattice vector of
4.40 £+ 0.30 nm. In contrast, in the quadratic pattern, each molecule is connected to four
neighboring molecules. The ordered structure can be described with a square unit cell of
(88 £ 3°), which contains two molecules and lattice vectors of 3.30 £+ 0.20 nm. Both porous

structures have two different pore sizes, with the large pores of the Kagome structure having a

26



4 Results

diameter of ~3 nm and those of the quadratic structure of ~1.5 nm; both have a molecular

density of 0.18 molecules/nm?,

".
-
.
Pt S

Figure 11: a) High-resolution STM image (20 * 20 nm?, Upias = 1.01 V, I,s = 298 pA, measured at RT)
showing the Kagome structure. The Kagome lattice is highlighted with red line frame, and the primitive
unit cell with yellow broken line; individual misoriented molecules are marked with white ellipses.
b) STM image of (a) overlaid with scaled models of 2H-TCNPTBP molecules. ¢) Proposed structural
model of the Kagome structure, displaying an intersecting web of corner-sharing triangles.
d) High-resolution STM image (20 * 20 nm’; Upias = -1.01 V, Lt = 290 pA, measured at RT) showing
the quadratic porous structure, the unit cell is indicated with broken yellow lines, and individual
misoriented molecules are indicated with white ellipses. e) STM image of (d) overlaid with scaled models
of 2H-TCNPTBP molecules. f) Proposed structural model of the quadratic structure. The orange and
dark blue ellipses indicate the upward-bent and downward-bent isoindole groups in the saddle-shape
conformation, gray spheres correspond to Cu adatoms, which interconnect neighboring molecules via
CN-Cu-NC bonds, leading to the observed coordination networks. g) High-resolution STM image
(20 % 20 nm’; Upias = -1.00 V, Ly = 294 pA, measured at RT) showing a hexagonally close-packed
phase. The structure is indicated with a violet hexagon, and the primitive unit cell is indicated with
broken yellow lines. h) STM image of (g) overlaid with scaled models of 2H-TCNPTBP molecules.
i) Proposed structural model of the H-bonded close-packed network. Modified images and text from
[P2] used with permission.
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To facilitate the identification of the supramolecular arrangements and the intermolecular
networks, the STM images from Figure 11(a, d) are superimposed with scaled molecular
models of 2H-TCNPTBP in Figure 11(b, ¢). The molecules in both structures are oriented such
that the downward bent isoindole groups (dark blue ellipses) face the larger pores and the
upward bent isoindole groups (orange ellipses) face the smaller pores. In the Kagome lattice,
the large pore is formed by six downward bent isoindole groups at the hexagon’s edges, with
the sides formed by six CN-Cu-NC bonds, and the small pores are formed by the three upward
bent isoindole groups at the trigon’s edges, with the sides formed by three CN-Cu-NC bonds.
In contrast, the large pore in quadratic structure is formed by four downward bent isoindole
groups and four CN-Cu-NC bonds, while the smaller, less dark pores are formed by the four
upward-bent isoindole groups and four CN-Cu-NC links. This arrangement type — cyano
groups pointing head-on towards the cyano groups of neighboring molecules — indicates that
both networks do not form via CN-NC coordination due to polarity, mutual interactions via
attractive interactions [120], or T-type or m-m intermolecular stacking observed for similar
porphyrin derivative 2H-TPTBP on Ag(111), Cu(111), and Cu(110) [112]. In contrast,
CN-Cu-NC interactions with Cu adatoms stabilize both porous structures, since the lone pair
electrons provided by N atoms of the cyano groups have a high binding affinity towards
transition metals [119, 120]. Notably, the Cu adatoms are not resolved in the STM images, most

likely due to electronic effects [149, 150].

The other structure type observed on the surface is a hexagonally close-packed phase
(see Figure 11g-i). This structure is already present at low coverages. At higher coverages,
extended domains preferentially form (not shown here, for details refer to [P2]). Within the
hexagonally close-packed phase, individual 2H-TCNPTBP molecules are again characterized
by two parallel, rod-like, bright protrusions with an elongated depression in-between. These
molecules adopt again a “saddle-shape” conformation. The structure is described with a
primitive hexagonal unit cell (60 + 2°) containing one molecule. The primitive hexagonal
unit cell corresponds to a (4v3 X 4v/3)R30° superstructure with a lattice vector
of 1.65 + 0.15 nm, and a molecular density of 0.42 molecules/nm?. From the structural model
based on the STM, the cyanophenyl substituents of two molecules point towards the isoindole
moieties of neighboring 2H-TCNPTBP molecule, while neighboring -CN groups have opposite
orientations to each other. This configuration allows for H-bond formation [120, 151] between
the electronegative N atoms of the terminal cyano-functionalized end groups and the

sp>-hybridized carbon atom from a nearby molecule’s isoindole moiety. Furthermore, attractive
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dipole-dipole interactions of oppositely orientated cyano end groups contribute to stabilize

this structure.

An important point to be addressed here is why Cu-coordinated structures with rather strong
metal-organic coordination bonds coexist with an H-bonded structure with weaker attractive
lateral interactions. This condition is possible if the metal-coordinated network takes up more
space (i.e., has a lower density) than the H-bonded one [152, 153]. Cai et al. [152] reported that
the loss of intermolecular interaction energy is overcompensated by the adsorption of additional
molecules at high coverage. In general, the results support this interpretation when considering
the molecular density in three phases: The Kagome and Quadratic phase exhibit a density of
0.18 molecules/nm?, while hexagonal phase shows a notably higher density of
0.42 molecules/nm? (ca. 2.3 times larger). These considerations lead to the conclusion that the
coexistence results from the substantial increase in total adsorption energy due to the
significantly higher molecule density observed in the close-packed network of the hexagonal

phase.

Finally, the identified phases of 2H-TCNPTBP films on Cu(111) were heated to 450 K for
10 sec. Upon heating, the formation of an immobile species with a “clover-shape” appearance
was observed, which is tentatively assigned to dehydrogenation and the formation of

intramolecular C-C bonds between the isoindole and the phenyl groups [140, 141, 148].

To sum up, the three structures coexist due to their very similar energetics. The two
Cu-coordinated porous structures (Kagome and quadratic) with the same molecular density are
stabilized by the energy gain due to the network formation (CN-Cu-NC). In contrast, the
hexagonal structure compensates its weaker intermolecular interactions (H-bond) by a factor
of 2.3 higher molecular density. Likewise, kinetic stabilization cannot be ruled out. For details

refer to [P2].

4.3 Mixture of Benzoporphyrins on Ag(111), Cu(111), and Cu(110) [P4]

After discussing the adsorption behavior of the three related cyano-functionalized porphyrins
and a novel cyano-functionalized benzoporphyrin in the previous Sections 4.1 and 4.2,
respectively, this section addresses the self-assembly of exceedingly complex mixed

benzoporphyrin derivatives, based on the results of [P4].

The literature on benzoporphyrin shows prospective applications in organic near-infrared
light-emitting devices, in photodynamic therapy, in catalysis, in dye-sensitized solar cells, or as

oxygen sensors, to name only a few [94, 154-156]. Despite their importance, only a few studies
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have been reported on their adsorption behavior on various metal surfaces, showing peculiar
self-assembly [108, 112, 157-159], which could find potential uses in organic electronics or
catalysis. However, despite these promising results, the study of benzoporphyrins is still in its
infancy and lacks structural diversity. This deficit is mainly due to the difficulty of synthesizing
functionalized isolated benzoporphyrin derivatives [160]. Since different molecules cannot be
separated during the synthesis process [160, 161], the interactions of a mixture of six
benzoporphyrin derivatives with bulky side groups on Ag(111), Cu(111), and Cu(110) were
investigated using STM to identify and assign different molecules, along with the influence of

linker groups on self-assembly as a function of temperature.

Figure 5 (red frame) in Section 2.6 depicts the chemical structure of a mixture of six
2H-tetrakis-(3, 5-di-tert-butylphenyl)(x)benzoporphyrins (2H-diTTBP(x)BPs, x = 0, 1, 2-cis,
2-trans, 3, and 4), a tetrapyrrolic macrocycle functionalized with (3, 5-di-tert-butyl)-phenyl
substituents at all four meso-positions, with each tert-butyl end group pointing outwards, and

with benzene rings at four S-positions.

To begin, a sub-monolayer amount of 2H-diTTBP(x)BPs was deposited and measured at RT
on Ag(111), a relatively inert substrate that does not show strong interactions with metal-free
porphyrins [107, 120]. 2H-diTTBP(x)BPs exhibit a very regular long-range ordered 2D porous

phase (see Figure 12a). The structure is described by a square unit cell with lattice vectors

d (1.56 + 0.10 nm) and b (1.46 £ 0.10 nm), an angle of y =89 % 3°, and a unit cell area
of 2.28 nm?. The unit cell contains one molecule, yielding a density of 0.44 molecules/nm?.
Following a thorough analysis of the high-resolution STM image in Figure 12a (right), all six
molecules were identified and assigned (marked with colored dashed circles). The individual
molecules within the ordered island of the porous square structure are identified by four
quadratically arranged bright or dim protrusions corresponding to the isoindole groups, which
adopt a “crown-shape” conformation [108]. This motif results from a subtle balance between
molecule-substrate interactions and repulsive forces within the molecules. The intramolecular

conformation is discussed further in Figure 13.

The adsorption behavior of porphyrin molecules is mostly determined by the subtle
balance of molecule-molecule and molecule-substrate interactions. For 2H-TPP on Ag(111),
supramolecular arrangements are formed as a result of T-type intermolecular interactions
between the peripheral phenyl substituents of neighboring molecules [106, 107]. In contrast, on
Cu(111), due to strong molecule-substrate interaction between the iminic nitrogen atoms

of the porphyrin and the Cu atoms of the substrate, individual 2H-TPP molecules were
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observed [115, 145]. Closer inspection reveals that the well-ordered porous square
structure formation of 2H-diTTBP(x)BPs on Ag(111) is incompatible with the T-type or
-1 intermolecular stacking of a similar porphyrin derivative 2H-TPTBP on Ag(111),
Cu(111), and Cu(110) [112]. The porous square phase observed in the mixture of
2H-diTTBP(x)BPs on Ag(111) surface indicates that the long-range order is stabilized by
intermolecular interactions between neighboring molecules, mainly by van der Waals forces

between the tert-butyl groups and phenyl groups of the adjacent molecules.

Figure 12: STM images of 2H-diTTBP(x)BPs on Ag(111), as overview (left, 50x50 nm?), close-up
(middle, 2020 nm?), and with high-resolution (vight, 10x10 nm?), measured at RT. a) Deposition at
RT reveals a highly ordered long-range square phase. b) After annealing to 400 K for 30 min no changes
are observed. In the high-resolution images, the six different molecules (x = 0, 1, 2-cis, 2-trans, 3, & 4)
can be identified and are marked with dashed colored circles. The unit cells are shown as solid white
lines, and the white arrows indicate the close-packed Ag(111) substrate directions. The STM images
were measured with Upius between 1.0 and 1.88 V and I, between 89.3 and 201 pA; for details see
Table S1 in the Supporting Information (SI) of [P4]. Original images and text from [P4] used with
permission.

Figure 12b shows the STM image acquired at RT after heating to 400 K. Annealing yields no
transformation, and the same regular long-range 2D porous phase was observed. The structure
is described by an identical (within the experimental uncertainty) square unit cell with lattice
vectors d (1.56 + 0.10 nm) and b (1.46 £+ 0.10 nm), an angle of y = 92 + 3°, and a unit cell
area of 2.28 nm?. The unit cell contains one molecule, yielding a density of 0.44 molecules/nm?
as for the film measured directly after RT deposition. Again, all six 2H-diTTBP(x)BPs (with
x =0, 1, 2-cis, 2-trans, 3, and 4) isoindole groups were identified and are marked with colored
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dashed circles in the high-resolution STM image in Figure 12b (right). Overall, the long-range

ordered porous square remains the same, indicating thermodynamic stability up to 400 K.

Figure 13: STM images (1.8x1.8 nm®) of 2H-diTTBP(x)BPs on Ag(111) after a) adsorption at
RT — cutout from Figure 12a-right, and c) after annealing to 400 K for 30 min — cutout from
Figure 12b-right. Each molecule is characterized by four bright or dim protrusions. b) Scaled molecular
models of the six individual molecules (x = 0, 1, 2-cis, 2-trans, 3, & 4). The proposed molecular model
represents a “crown-shape” conformation: Upward bent isoindole groups are depicted in orange and
correspond to bright protrusions in (a) and (c); upward bent pyrrole groups are depicted in yellow and
correspond to dim protrusions. The six individual molecules are marked with differently colored frames,
with the same color code as used in Figure 12. The STM images were measured with Upias = 1.88 V and
Lot = 89.3 or 201 pA; for details see Table S1 in the SI of [P4]. Original images and text from [P4] used
with permission.
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Figure 13(a, c) shows the cutouts of the different molecules indicated in Figure 12a (RT) and
Figure 12b (400 K) to gain insight into the intramolecular conformation. Each molecule
is represented by four quadratically arranged, bright or dim protrusions separated
by ~6A. The “saddle-shape” conformation is a well-established conformation for many
porphyrins [106, 107, 109, 146]. This intramolecular conformation, however, is inconsistent
with the finding of four quadratically arranged protrusions for the molecules investigated here
on Ag(111). The observed peculiar appearance is similar to that obtained by Lepper et al. [108]
on Cu(111) for Ni(II)-5, 10, 15, 20-tetraphenyltetrabenzoporphyrin (Ni(II)-TPBP). The
molecule’s quadratic appearance is attributed to four upward bent isoindole groups, which
appear as four bright protrusions separated by ~6 A in STM. The proposed conformation is
possible when an attractive substrate-molecule interaction pulls the macrocycle towards the
substrate, and the tilt value of the isoindole groups increases due to steric repulsion of the

ortho-substituents within the molecule.

Figure 13b depicts the proposed scaled molecular models for all six 2H-diTTBP(x)BPs
molecules on Ag(111), with upward bent isoindole groups (orange) and upward bent pyrrole
groups (yellow). The bright and dim protrusions correspond to the isoindole and pyrrole groups,
respectively. The six individual 2H-diTTBP(x)BPs (x =0, 1, 2-cis, 2-trans, 3, and 4) are marked
with different colors (rectangular frame) and are displayed from bottom to top: A molecule
with four dim lobes is assigned to x = 0 (violet); one bright lobe and three dim lobes are
assigned to x = 1 (blue); two bright lobes and two dim lobes are assigned to x = 2 (cis; red) or
x = 2 (trans; orange); three bright lobes and one dim lobe are assigned to x = 3 (green); and
finally, four bright lobes are assigned to x = 4 (black). Hence, the suggested models align with
Lepper et al.’s [108] interpretation. Moreover, the appearance of 2H-diTTBP(x)BPs and
Ni(II)-TPBP suggests that the presence of fert-butyl groups or a metal ion has no effect on the
conformation of the molecules within the ordered phase, similar to the findings reported for

2H-TPP and M2*-TPPs [107, 145].

The adsorption behavior of 2H-diTTBP(x)BPs was then investigated on Cu(111), a substrate
that is typically considered to be more reactive than Ag(111), particularly for N-containing
metal-free porphyrins [107, 115]. A sub-monolayer amount of 2H-diTTBP(x)BPs was
deposited and measured on Cu(111) at RT. The 2H-diTTBP(x)BPs molecules exhibit two
notable molecular arrangements: a porous square phase and a stripe phase (see Figure 14a, black
frame). The two phases have nearly identical surface areas, indicating similar adsorption
energy. In addition, a disordered phase exists between the orderly islands. Figure 14a

(top-middle) shows the structure that is described by a square unit cell with lattice vectors
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d (1.48 + 0.10 nm) and b (1.60 £ 0.12 nm), an angle of y =93 £+ 4°, and a unit cell area
of 2.37 nm?. The unit cell contains one molecule, yielding a density of 0.42 molecules/nm?.
Notably, within the experimental uncertainty, unit cell parameters are identical to those
obtained above for 2H-diTTBP(x)BPs on Ag(111). The stripe phase in Figure 14a (top right) is
another island type with a densely packed, locally ordered structure. However, it is not possible

to provide a unit cell because there is no well-ordered long-range structure.
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Figure 14: STM images of 2H-diTTBP(x)BPs on Cu(111) measured at RT (black frame): as overview
(left, 5050 nm?) and with high-resolution (middle and right, 10x10 nm?). a) Deposition at RT reveals
a coexistence of ordered square and stripe phases, along with a disordered phase. b) After annealing at
400 K for 10 sec no changes are observed. c) After further annealing at 400 K for 1 h, a loss of the stripe
phase is found leaving the square phase and a disordered phase on the surface. d) High-resolution
(top, 10x7 nm?) STM image of the stripe phase. e-g) Cutouts (2.5x1.87 nm?) overlaid with proposed
scaled molecular models. The proposed molecular model represents a “saddle-shape” conformation
with upward/downward bent isoindole groups depicted in orange and pyrrole groups in yellow. Three
different appearances are observed with TWO bright protrusions (el-e3: red frame; x = 4, 3, or 2-trans),
ONE bright protrusion (fl-f3: blue frame; x = 3, 2-cis, or 1), and ZERO bright protrusion
(g1-g3: yellow frame; x = 2-trans, 1, or 0). The unit cells are shown as solid white lines, and the white
arrows indicate the close-packed Cu(111) substrate directions. The STM images were measured with
Ubias between -1.59 and +1.26 V and L between 95.7 and 299 pA; for details see Table S1 in the SI
of [P4]. Modified images and text from [P4] used with permission.

Individual 2H-diTTBP(x)BPs appear as four quadratically arranged bright or dim protrusions
separated by ~6 A within the porous square phase. Due to lower resolution of STM image
(probably caused by a different STM tip termination), only some of the 2H-diTTBP(x)BPs were

identified, namely those with x = 0, 2-cis, and 4 (not shown, for details refer to [P4]). Moreover,
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it was found that the overall intramolecular conformation is consistent with the detailed studies

on Ag(111) mentioned above.

In contrast, in the stripe phase, individual 2H-diTTBP(x)BPs appear as six protrusions grouped
in two parallel groups of three protrusions. The outer four protrusions (dim) are assigned to the
peripheral phenyl substituents, while the two central protrusions (bright or dim) are assigned to
the slightly upward bent isoindole (colored orange) or pyrrole (colored yellow) groups. This is
evident from Figure 14d-g, where the cutouts of the STM image from Figure 14d are
superimposed with scaled molecular models; this appearance is attributed to a “saddle-shape”
conformation [106, 107, 109, 146]. The different 2H-diTTBP(x)BPs molecules were assigned
based on their appearances observed in STM. In total, three different appearances were
observed (see Figure 14e-g). Appearances with TWO bright central protrusions (red frame) are
assigned to x = 4, 3, or 2-trans. Appearances with ONE bright central protrusion (blue frame)
are assigned to x = 3, 2-cis or 1. Finally, appearances with ZERO bright central protrusion

(yellow frame) are assigned to x = 2-trans, 1, or 0. For more information, refer to [P4].

Moreover, the stable long-range ordered porous square and stripe structures of
2H-diTTBP(x)BPs on Cu(l111) are stabilized by intermolecular interactions between
neighboring molecules, primarily through van der Waals forces between the fert-butyl groups,
and possibly phenyl groups of the neighboring molecules [158]. Thus, the general

intermolecular pattern is in line with previous observations on Ag(111).

In addition, flashing the identified phases of 2H-diTTBP(x)BPs on Cu(111) to 400 K (see
Figure 14b, black frame) resulted in no changes. However, long heating results in the loss of
the stripe phase, leaving the porous square phase intact and a disordered phase on the surface
(see Figure l4c, black frame). The films of 2H-diTTBP(x)BPs on Cu(111) were annealed
at 450 K. Upon heating, no ordered square or stripe phase was observed. Only a disordered
phase was found (not shown here, for details refer to [P4]), which was tentatively ascribed to a
dehydrogenation process within the porphyrin leading to the formation of intramolecular

C-C bonds between the isoindole and the phenyl groups [140, 141, 148].

As a final step, the adsorption behavior of 2H-diTTBP(x)BPs was studied on Cu(110), a
substrate that is considered to be more reactive than Ag(111) and Cu(111) due to its open
structure [112]. A sub-monolayer amount of 2H-diTTBP(x)BPs was deposited and measured
at RT on Cu(110). It exhibits no long-range ordered phases, but dispersed isolated molecules
or short (two to three molecules) 1D chains along the < 110 > substrate directions. This

observation is attributed to the interaction of the N-atoms of the downward bent isoindole or
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pyrrole groups with the rough, trough-like Cu(110) surface. This interaction leads to certain

preferential adsorption sites as the N-atoms get closer to the surface.

Figure 15: STM images of 2H-diTTBP(x)BPs on Cu(110) measured at RT (black frame): as an overview
(left, 50x50 nm’) and with close-up (right, 20x20 nm?). a) Deposition at RT reveals the isolated
molecules and the formation of short, isolated 1D chains. b) After annealing to 400 K for 5 min and
¢) 450 K for 10 min, the molecular appearance remains unchanged. The close-up STM images and the
high-resolution images reveal individual isolated molecules with two conformations (measured at
RT): a quadratic arrangement of four lobes (white circle or frame) and a rectangular arrangement with
six lobes (colored frames). The latter is assigned to an “inverted” structure and has three different
appearances (indicated by different colors). d-f) Cutouts (2.5x1.86 nm’; measured at RT) along with
superimposed scaled molecular models of individual molecules with TWO bright protrusions
(d1-d3: red frame; x = 4, 3, or 2-trans), ONE bright protrusion (el-e3: blue frame,; x = 3, 2-cis, or 1),
and ZERO bright protrusion (f1-f3: yellow frame; x = 2-trans, 1, or 0). Isoindole groups are depicted
in orange, and pyrrole groups are depicted in yellow. The white arrows indicate the close-packed
Cu(110) substrate directions. The STM images were measured with Upiqs between -1.28 and +1.2 V and
Lyt between 195 and 197 pA; for details see Table SI in the SI of [P4]. Modified images and text
from [P4] used with permission.

Individual 2H-diTTBP(x)BPs on Cu(110) exhibit two conformations (see Figure 15a-c, black
frame). The first shows four nearly quadratically arranged protrusions for the individual
2H-diTTBP(x)BPs molecules (marked with white circles), and differs from the “crown-shape”
conformation on Ag(111) and Cu(111) discussed above. Here, the protrusions are separated
by 10 to 12 A, which is twice the distance of the “crown-shape” conformation. The structure is
tentatively attributed to a different conformation, in which the isoindole and pyrrole groups are

in the macrocycle plane and all phenyl groups are bent upward and rotated so that one of the

bulky di-tert-butyl groups points upward. Furthermore, the appearance of the quadratically
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arranged protrusions varies from molecule to molecule, making an unequivocal identification
to the different 2H-diTTBP(x)BPs impossible. Hence, the interpretation must remain
speculative. The second conformation (marked with different rectangles in Figure 15a-c) has a
peculiar rectangular shape with four dim outer protrusions and two dim or bright central
protrusions, indicative of an “inverted” conformation. This appearance is similar to that of
2H-TPP and 2H-TNP on Cu(111)[111, 162], but different from the appearance of the molecules
in the stripe phase on Cu(111), as observed above. Overall, three distinct appearances of the
two central protrusions were observed (see Figure 15d-f) and are tentatively linked with the
number of isoindole groups. In Figure 15d-f, a bright central protrusion is attributed to a vertical
isoindole group and a dim protrusion to a vertical pyrrole group (the horizontal isoindole or
pyrrole groups cannot be identified). Thus, the appearances with TWO bright central
protrusions (red frame) are assigned to x =4, 3, or 2-trans. Appearances with ONE bright central
protrusion (blue frame) are assigned to x = 3, 2-cis or 1. Finally, appearances with ZERO bright

central protrusion (yellow frame) are assigned to x = 2-trans, 1, or 0.

In addition, the 2H-diTTBP(x)BPs on Cu(110) were heated to 400 and 450 K, respectively. It
was found that the observed conformations and chains remain intact and are thermodynamically

stable up to 450 K (not shown here, for details refer to [P4]).

To sum up, the three surfaces exhibited different adsorption behavior in terms of the long-range
order and intramolecular conformation of the porphyrins. High-resolution STM images of all
surfaces allowed for the identification of the different 2H-diTTBP(x)BPs. A “crown-shape”
quadratic conformation on Ag(111) and Cu(111), an additional “saddle-shape” only on
Cu(111), and an “inverted” structure and quadratic appearance on Cu(110) were deduced. The
different conformations are attributed to the different degree of interactions between the iminic
nitrogen atoms of the isoindole and pyrrole groups and the substrate atoms on the three surfaces.
The ordered structures on Ag(111) and Cu(111) as well as 1D short chains on Cu(110) are
stabilized by the outer periphery of the molecules (via van der Waals interactions between the
tert-butyl and phenyl groups of neighboring molecules) rather than by the substrate or the
number of isoindole groups. Thermal stability of the “crown-shape” conformation on Ag(111)
and Cu(111), along with the intact isolated “inverted” molecules on Cu(110), imply that no
reaction transpired. The loss of stripe phase on Cu(111) upon longer heating to 400 K implies
a reaction, the details of which are unclear. Self-metalation with Cu atoms seems unlikely as
metalated porphyrins tend to form islands. Furthermore, the presence of an intact “inverted”

structure on Cu(110) indicates the absence of self-metalation. However, self-metalation cannot
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be ruled out for molecules with four almost quadratically arranged protrusions. For more

details, refer to [P4].

4.4 Ionic liquid [C1C{Im][Tf:N] on Cu(111) [P3]

After investigating the fundamental molecular-level properties of complex porphyrin
derivatives’ adsorption behavior on various metal surfaces with potential implications in
molecular devices or catalysis, the focus of this section shifts towards understanding the SCILL
approach [47, 48]. In SCILL, the IL modifies the catalyst surface, and thus understanding the
IL-catalyst interaction is of utmost importance. In order to identify the origin of distinct
properties, a simple and commonly used IL (see Figure 7 in Section 2.7) consisting of
symmetric 1,3-dimethylimidazolium [C1CiIm]" cations and [Tf2N] anions was investigated as
a prototype, using nc-AFM and STM in combination with DFT calculations plus
complementary XPS measurements. The goal was to gain insight into the adsorption and
reaction behavior, ion orientation, substrate interactions, intermolecular interactions, and

structure formation on the reactive Cu(111) surface.

To begin, a sub-monolayer amount of [C1CiIm][Tf2N] was deposited on Cu(111) at 300 K and
then transferred quickly (to avoid reactions that progress slowly over time) to the precooled
AFM stage at 110 K. The sample was then heated in steps to 200, 250, 300, and 350 K at the
AFM stage, and cooled back to 110 K for nc-AFM imaging. Figure 16a depicts the nc-AFM
images after annealing to 200 K, which exhibit IL islands of different sizes at the steps and on
the terraces. IL islands are found both in the ascending and descending side of the steps,
suggesting that the steps are energetically favored and act as nucleation centers. The
high-resolution nc-AFM image (see Figure 16a-right) reveals that the island consists of a
close-packed phase with molecular rows arranged in a stripe pattern. The stripe structure is

described by a rectangular unit cell with lattice vectors d (1.90 + 0.08 nm) and

E(O.90i 0.05nm), an angle of ¥y =90+ 3° and a unit cell area of 1.71 nm?>. A
commensurate [_63 ﬂ superstructure was derived considering the measured angle of 6°

between the unit cell vector @ and the high symmetry direction of the substrate. The unit cell
contains two ion pairs, giving a density of 1.17 ions/nm?. This density was determined by

comparing it with the low temperature checkerboard structures on Au(111) [55].

38



4 Results

g »

AL

...
2,01

AR
- e

, d: AFM-350 K/30 m

Figure 16: nc-AFM (a-d) and STM (e) images of 0.15 ML [C:CiIm][T2N] on Cu(111): as overview
(left, 1000 x 800 nm?), close-up (middle, 100 x 80 nm?), and with high-resolution (right, 10 x 8 nm’).
a) After annealing at 200 K for 7.5 h, ordered islands with a checkerboard-type structure and a nearly
rectangular unit cell are observed; the right image is an average frame of nine consecutively recorded
images. b) After annealing at 300 K for 1 h, disordered small islands coexist with large, ordered islands
with hexagonal structure. c) After annealing at 300 K for ~16 h, disordered small islands coexist with
large IL islands with a highly ordered porous honeycomb structure. d) After annealing at 350 K for
30 min, only small, disordered islands are found. e) STM images following a different preparation route
and annealing at 300 K for~16 h display the same honeycomb structure as seen in (c). The nc-AFM
images were measured with Af = -400 or -500 Hz, and the STM images with Upiss = 2 V and Isee = 0.2
or 0.4 nA (for details, see Table S4 in the SI of [P3]); the unit cells are shown as dashed black lines;
covered and uncovered areas are denoted by blue and black dots, respectively. Original images and text
from [P3] used with permission.
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In Figure 16a (right), the very bright oval protrusions (red ellipses) and the two less bright
protrusions (blue ellipses) are tentatively assigned to two differently oriented anions, and the
dark areas in between (black ellipses) to the two cations. Thus, the anion to cation ratio is 1:1
with intact ion pairs and they are arrayed in a checkerboard-type [51] ionic tiling without
decomposition, self-assembling into stripes. In addition, the chemical composition measured
by the complementary XPS (not shown here, for details refer to [P3]) reveals that intact anions
and cations are adsorbed next to each other at 200 K. Upon heating the deposited layer to 250 K,

the observed stripe phase remained intact.

Figure 16b shows the nc-AFM images acquired at 110 K after heating to 300 K for 1 h.
Annealing yields a transformation and reveals large islands coexisting with many disordered
small islands. The structure observed on the large islands is defined by a hexagonal-type lattice

(y = 60 & 4°) with three bright longish protrusions (red ellipses) and three less bright

protrusions (black ellipses). The unit cell vectors @ and b have the same length of
2.35 + 0.08 nm and a unit cell area of 4.78nm?. When each protrusion is assumed to be an ion
pair, the unit cell contains six ion pairs, resulting in a density of 1.26 ion pairs/nm?. Figure 16¢
shows the nc-AFM images of the [C1CiIm][Tf:N] film after extended heating to 300 K for 16 h.

Large islands (ordered honeycomb structure) coexist with many small, disordered islands. The

ordered structure found on large island is defined by unit cell vectors @ and b of same length
of 2.35 + 0.08 nm, an angle of y = 60 + 4°, and a unit cell area of 4.78 nm?. A [_82 120]

superstructure was derived from the measured angle of 12° between the unit cell vectors and
the high symmetry direction of the substrate. The unit cell contains two bright protrusions (red
circles) and three less bright protrusions (red dots). Again, each protrusion is assumed to be an
ion pair, and the unit cell contains five ion pairs, resulting in a density of 1.05 ion pairs/nm?.
The unit cell size (lattice vector lengths of 2.35 nm) of the hexagonal structure is identical to
that of the honeycomb structure. If one bright protrusion (or one ion pair) is removed from the
hexagonal structure one obtains the honeycomb structure with a pore diameter of 2 nm. Thus,
the hexagonal structure after heating the IL layer at 300 K can be considered as a transition
structure from the stripe phase to the honeycomb phase. The complementary XPS results (not
shown here, for details refer to [P3]) indicate that there is no IL desorption until 300 K.
However, a large fraction of the IL gets converted into a new species, as shown by new and
strongly shifted peaks that emerge in the XP spectra around 275 K and increase with time
at 300 K. The unshifted peaks correspond to the ordered phases that remain intact, whereas the

shifted peaks are assigned to their decomposition products that appear as disordered islands in
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nc-AFM and STM. After heating to 350 K (see Figure 16d), only many small, disordered islands
are seen by nc-AFM, which appear very similar to the small, disordered islands found at 300 K
coexisting with the hexagonal and honeycomb structures. Also, heating the IL layers to 360 K
in XPS shows the conversion of both anion and cation signals, indicating a complete

decomposition of the IL on the surface (not shown here, for details refer to [P3]).

Notably, the honeycomb structure was also found following a different preparation route and
measuring method. A sub-monolayer amount of [C1CiIm][Tf:2N] was deposited on Cu(111)
at < 160 K and measured using STM at 110 K. Up to 250 K, no ordered IL islands were found
(not shown here, for details refer to [P3]). After heating to 300 K for 3-16 h, ordered IL islands

(porous honeycomb structure) coexist with many small, disordered islands (see Figure 16¢).

The ordered honeycomb structure found on large islands is defined by unit cell vectors d and b
of same length of 2.36 + 0.08 nm, an angle of y = 60 + 4°, and a unit cell area of 4.82 nm?.
The unit cell contains two bright protrusions (red circles) and three less bright protrusions (red
dots). Again, if each protrusion is assumed to be an ion pair, the unit cell contains five ion pairs,
resulting in a density of 1.04 ion pairs/nm?. Overall, these parameters are identical to those

observed using the other measuring technique (nc-AFM) and preparation route.

DFT calculations were performed to comprehend the structure of the ordered phases (stripe and

honeycomb) and the bonding state of the IL adlayer based on the nc-AFM images. The

experimentally determined lattice vectors of the stripe structure can be described by a [_63 ﬂ

commensurate superstructure. The lattice vectors d (1.83 nm) and b (0.92 nm) yield a unit cell
area of 1.68 nm? with an angle of 92.2°, which matches extremely well with the experimental
values determined from the nc-AFM images (within the margin of error). Figure 17b-e (left)
shows the simulated nc-AFM images in form of charge density contour plots of the
geometry-optimized stripe structure. It displays two nearly perpendicular cations, with the
Cz carbon atom of the imidazolium ring pointing towards the Cu surface, and two anions with
different orientations. The distinct contrast of the anions observed by nc-AFM is most likely
due to these two different orientations (i.e., 2-2 and 1-1 motif of the oxygen atoms). Overall,
the anions and cations adsorb next to each other intact with an adsorption energy per ion pair
of 3.5 eV, which can be decomposed into a contribution of ~1.6 eV from the interaction with

the substrate and ~2.0 eV due to lateral interactions within the IL. For details, refer to [P3].
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Figure 17: Surface structure of [C:CiIm][Tf2N] on Cu(ll1) for the stripe phase (left) and the
honeycomb phase (right). a) nc-AFM images (data from Figure 16). b) Charge density plots of the
corresponding structures, as derived from DFT calculations. ¢) Geometry-optimized structures, as
obtained from the DFT calculations. d) Close-up of the structures shown in (c). e) Side view of the
structures shown in (c). Graphs (a) to (c) are shown on the same scale, as indicated by the scale bars
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in (a). Original images and text from [P3] used with permission.
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In contrast, the honeycomb structure can be described by a [_82 120] superstructure based on

the experimentally determined lattice vectors @ and b (2.35 £ 0.08 nm). Based on the chemical
composition measured by the complementary XPS (not shown here, for details refer to [P3]),
the honeycomb structure is also attributed to intact IL ion pairs. Considering the specific
properties of the honeycomb lattice, the bright (red circles) and dim (red dots) protrusions are
assigned to oppositely oriented “sandwiches” consisting of stacked cations and anions that do
not break charge neutrality. Figure 17b-e (right) depicts simulated nc-AFM images in form of
charge density contour plots of geometry-optimized oppositely oriented honeycomb

sandwiches.

From DFT calculations, the porous structure yields a lower adsorption energy per ion pair
of 3.1 eV than that of the stripe structure (3.5 eV; due to its higher dispersion energy). The
lower adsorption energy of the honeycomb structure is not expected from the experimental
results, as heating is expected to trigger a change to a more stable structure. A likely reason for
this unexpected behavior could be that the dissociated IL layer goes along with the formation
of the honeycomb structure, and the associated energies would have to be included in the total
energy balance, or that the geometry optimization did not find the global minimum with the

highest binding energy in the computations (for details refer to [P3]).

To sum up, the adsorption and reaction of the IL [CiCiIm][Tf:N] on the reactive Cu(111)
surface were thoroughly investigated using a combination of experimental and theoretical

methods, yielding a very complex thermal evolution with structural changes and decomposition

effects at RT.
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5 Conclusions

English Version:

In this thesis, STM and nc-AFM disclose a tremendous richness of detail and a deep degree of
comprehension on the molecular level. Both techniques yield real space information, which was
applied to investigate the adsorption and reactivity of complex porphyrin derivatives and ionic

liquids on different metal surfaces prepared under UHV conditions at or below RT.

The publication [P1] addresses the adsorption behavior of three related cyano-functionalized
tetraphenylporphyrin derivatives, namely Cu-TCNPP, Cu-cisDCNPP, and 2H-cisDCNPP on
Cu(111) by STM as a function of temperature combined with DFT calculations in order to
identify the role of the cyano groups and the central Cu atom. Cu-TCNPP forms a hexagonal
honeycomb-type structure at RT that coexists with 1D molecular chains and completely
transforms to a long-range ordered hexagonal honeycomb-type structure at 400 K.
Cu-cisDCNPP forms flakes at RT, including mono-, bi-, and multiflakes, and then transforms
to a hexagonal honeycomb-type structure at 400 K. 2H-cisDCNPP shows no ordered structure
at RT, but orders after self-metalation upon heating to 400 K. Thus, all three molecules form
the same long-range triangular porous hexagonal honeycomb-type structure, in which
molecules adopt “saddle-shape” conformation. The observed structures share the same
structure-forming element, that is, porous porphyrin triangles (distance of 3.1 nm) fused
together via CN-Cu-NC interactions with Cu adatoms. Three porphyrin molecules are rotated
by 60° to each other, forming regular triangular pores with Cu adatoms located at the corners
(not visible in STM). Complementing STM, DFT calculations offer more insight into various
energetic contributions leading to the thermodynamically stable hexagonal honeycomb-type
structure. In addition, the internal structure of the unit cell indicates that cyano-phenyl groups
(n = 2) in “cis” position are the minimum prerequisite to form a highly ordered 2D porous

molecular pattern.

To expand the understanding of the influence of linker groups (cyano- and isoindole
(benzopyrrole) groups), publication [P2] addresses the adsorption behavior and structure
formation of the novel cyano-functionalized benzoporphyrin 2H-TCNPTBP on Cu(111) by
STM as a function of temperature. 2H-TCNPTBP, with four cyano- and four isoindole groups,
shows the coexistence of three types of network structures, namely, a Kagome lattice structure,
a quadratic pattern, and a hexagonal structure at RT. All three structures have molecules in a
“saddle-shape” conformation. The Kagome and quadratic structures are porous with different

pore sizes (diameters: ~3 nm and ~1.5 nm respectively), are stabilized by CN-Cu-NC bonds
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with Cu adatoms, and both have a molecular density of 0.18 molecules/nm?. The close-packed
hexagonal structure has a molecular density of 0.42 molecules/nm? and is stabilized with much
weaker intermolecular H-bonds and dipole-dipole interactions of oppositely oriented cyano end
groups. While the two Cu-coordinated porous structures (Kagome and quadratic) with same
molecular density are stabilized by the energy gain due to the network formation (CN-Cu-NC),
the hexagonal structure compensates the weaker intermolecular interactions (H-bond) by a
factor of 2.3 higher molecular density. Heating to 450 K yields an immobile species with a
“clover-shape”, which is attributed to the dehydrogenation and the formation of intramolecular
C-C bonds between the isoindole and the phenyl groups. This finding suggests that cyano

functionalization of benzoporphyrins results in unusual 2D self-assembled lattice structures.

After gaining deeper insight into the role of linker groups, publication [P4] addresses the
adsorption and self-assembly of exceedingly complex mixed benzoporphyrin derivatives
2H-diTTBP(x)BPs on Ag(111), Cu(111), and Cu(110) by STM as a function of temperature to
provide further information on fundamental aspects. The mixture contains six different
2H-diTTBP(x)BPs with x =0, 1, 2 (cis, trans), 3, and 4. On Ag(111), a long-range ordered 2D
square phase was observed, which is stable up to 400 K. On Cu(111), an identical square phase
coexists with a stripe phase, which disappears at 400 K. In contrast, on Cu(110)
2H-diTTBP(x)BPs adsorb as isolated molecules or dispersed short 1D chains (two to three
molecules) along the < 110 > substrate directions, which remain intact up to 450 K. Notably,
high-resolution STM images on all surfaces allow for the identification of different
2H-diTTBP(x)BPs. A “crown-shape” quadratic conformation on Ag(111) and Cu(111), an
additional “saddle-shape” on Cu(111), and an “inverted” structure and quadratic appearance on
Cu(110) were deduced. The different conformations are attributed to the different degree of
interactions between the iminic nitrogen atoms of the isoindole and pyrrole groups and the
substrate atoms on the three surfaces. Further, stabilization of the ordered 2D structures on
Ag(111) and Cu(111) plus 1D short chains on Cu(110) is attributed to van der Waals
interactions between the tert-butyl and phenyl groups of neighboring molecules. In addition,
the thermal stability of the “crown-shape” conformation on Ag(111) and Cu(111) plus intact
isolated “inverted” molecules on Cu(110), indicate that no reaction occurred. However, the loss
of stripe phase on Cu(111) at 400 K implies a reaction, the nature of which is difficult to
determine. A simple self-metalation with Cu atoms is unlikely, as metalated porphyrins exhibit
island formation. Further, the presence of an intact “inverted” structure on Cu(110) indicates
the absence of self-metalation. Moreover, self-metalation cannot be ruled out for molecules

with four almost quadratically arranged protrusions. Overall, these findings show that the
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long-range 2D order or 1D short chains are stabilized by the outer periphery of the molecules

rather than the substrate or the number of isoindole groups.

Following the detailed characterization of the adsorption behavior of highly complex porphyrin
derivatives on different metal surfaces, publication [P3] addresses the adsorption and reaction
behavior of the ionic liquid [C1CiIm][Tf2N] on Cu(111) by nc-AFM, STM, and complementary
XPS in combination with DFT calculations. Understanding the IL-substrate interface is of
utmost importance for further developing the SCILL approach. [CiCiIm][Tf2N] on Cu(111)
was deposited using two different preparation routes: either at RT followed by very fast cooling
to 110 K, or directly at low temperature (< 160 K). At 200 K, IL films self-assemble into highly
ordered islands (stripe phase) with intact cations and anions arranged next to each other. DFT
calculations reveal two identically oriented cations nearly perpendicular to the Cu surface and
two anions with different orientations, in line with the distinct contrast of anions observed in
nc-AFM at 200 K and an adsorption energy (from DFT) per ion pair of 3.5 eV. Extended heating
to 300 K triggers the stripe phase to evolve first into a hexagonal phase, and then into a porous
honeycomb structure that coexists with many small, disordered islands. The hexagonal structure
is a transition structure from the stripe phase to the honeycomb phase. The honeycomb structure
is proposed as an oppositely orientated stacked “sandwich structure” of intact anions and
cations. DFT calculations support the proposed structure and show that it is stable on the surface
with an adsorption energy of 3.1 eV. The chemical composition measured by complementary
XPS reveals that intact anions and cations are adsorbed next to each other at 200 K, and that no
IL desorption occurs until 300 K. A large fraction of the IL is transformed into a new dissociated
species at around 275 K and increases with time at 300 K, as evidenced by XPS. The
decomposition products appear as disordered islands in nc-AFM and STM. Upon heating
to 350 K, only small, disordered islands are observed by nc-AFM, and XPS indicates a

complete decomposition of the IL on the surface.

In summary, this thesis advances the molecular level understanding yielding novel detailed
insights into the adsorption behavior of complex porphyrin derivatives and ionic liquids on
different single crystal metal surfaces, with a focus on the specific roles of molecule-molecule
and molecule-substrate interactions. The fundamental understanding obtained from the
investigated systems in publication [P1-P4] might grant protocols as nanoscale templates for

developing molecular devices or catalytic concepts.
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Deutsche Version:

In dieser Arbeit enthiillen STM und nc-AFM einen enormen Detailreichtum und ein tiefes
Verstiandnis auf molekularer Ebene. Beide Techniken liefern Informationen im Realraum, die
zur Untersuchung der Adsorption und Reaktivitit von komplexen Porphyrinderivaten und
ionischen Fliissigkeiten auf verschiedenen Metalloberflachen verwendet wurden, die jeweils

unter UHV-Bedingungen bei oder unter RT préipariert wurden.

Die Verdffentlichung [P1] befasst sich mit dem Adsorptionsverhalten von drei verwandten
cyanofunktionalisierten Tetraphenylporphyrinderivaten, ndmlich Cu-TCNPP, Cu-cisDCNPP
und 2H-cisDCNPP, auf Cu(111) mittels STM als Funktion der Temperatur in Kombination mit
DFT-Berechnungen, um die Rolle der Cyanogruppen und des zentralen Cu-Atoms zu
identifizieren. Cu-TCNPP bildet bei RT eine hexagonale, wabenartige Struktur, die mit einer
1D-Molekiilkette koexistiert; letztere wandelt sich bei 400 K vollstidndig in die hexagonale,
wabenartige Struktur um. Cu-cisDCNPP bildet bei RT eine flockenartige Struktur,
einschlieBlich Mono-, Bi- und Multiflocken, die sich bei 400 K in eine hexagonale, wabenartige
Struktur umwandelt. 2H-cisDCNPP zeigt bei RT keine geordnete Struktur, sondern erst nach
Selbstmetallisierung beim Erhitzen auf 400 K. Alle drei Molekiile formen dieselbe
langreichweitig geordnete hexagonale Wabenstruktur, in der die Molekiile eine
"sattelformige" Konformation annehmen. Die beobachteten Strukturen haben dasselbe
strukturbildende Element, ndmlich pordse Porphyrindreiecke (Abstand: 3,1 nm), die {iber
CN-Cu-NC-Wechselwirkungen mit Cu-Adatomen miteinander verbunden sind. Drei
Porphyrinmolekiile sind dabei um 60° zueinander gedreht und bilden regelméaBige dreieckige
Poren mit Cu-Adatomen an den Ecken; letztere sind im STM nicht sichtbar. Ergdnzend zum
STM bieten die DFT-Berechnungen weitere Einblicke in die verschiedenen energetischen
Beitrdge, die zu der thermodynamisch stabilen hexagonalen Wabenstruktur fithren. Dariiber
hinaus deutet die interne Struktur der Einheitszelle an, dass Cyanophenylgruppen (n = 2) in
"cis"-Position die Mindestvoraussetzung fiir die Bildung eines hoch-geordneten pordsen

2D-Molekiilmusters sind.

Um das Verstindnis des Einflusses von Linkergruppen (Cyano- und Isoindol
(Benzopyrrol)-Gruppen) zu erweitern, befasst sich die Verdffentlichung [P2] mit dem
Adsorptionsverhalten und der Strukturbildung des neuartigen cyanofunktionalisierten
Benzoporphyrins 2H-TCNPTBP auf Cu(111) mittels STM als Funktion der Temperatur.
2H-TCNPTBP, mit vier Cyano- und vier Isoindolgruppen, zeigt bei RT die Koexistenz von drei

Netzwerkstrukturen, ndmlich einer Kagome-Gitterstruktur, einer quadratischen Struktur und
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einer hexagonalen Struktur. In allen drei besitzen die Molekiile eine "sattelformige"
Konformation. Die Kagome- und die quadratische Struktur haben unterschiedliche
PorengroBen (Durchmesser: ~3 nm bzw. ~1,5 nm), und beide haben eine Molekiildichte von
0,18 Molekiile/nm?. Sie werden durch den Energiegewinn aufgrund der Netzwerkbildung mit
Cu-Adatomen (CN-Cu-NC) stabilisiert. Die dicht gepackte hexagonale Struktur mit einer
Molekiildichte von 0,42 Molekiile/nm? wird durch intermolekulare H-Bindungen und
Dipol-Dipol-Wechselwirkungen von entgegengesetzt orientierten Cyano-Endgruppen
stabilisiert. Dabei kompensiert die um den Faktor 2,3 hohere Molekiildichte die schwécheren
intermolekularen Wechselwirkungen. Beim Erhitzen auf 450 K entsteht eine immobile Spezies
mit einer "Kleeblattform", die auf Dehydrogenierung und Bildung intramolekularer
C-C-Bindungen zwischen den Isoindol- und den Phenylgruppen zuriickgefiihrt wird. Diese
Erkenntnisse deuten darauf hin, dass die Cyanofunktionalisierung von Benzoporphyrinen zu

ungewohnlichen selbstorganisierenden 2D-Gitterstrukturen fiihrt.

Nach einem tieferen Einblick in die Rolle der Linker-Gruppen befasst sich die Veroffentlichung
[P4] mit der Untersuchung der Adsorption und Selbstassemblierung von duflerst komplexen
gemischten Benzoporphyrinderivaten 2H-diTTBP(x)BP auf Ag(111), Cu(111) und Cu(110)
mittels STM als Funktion der Temperatur. Die Mischung enthélt sechs verschiedene
2H-diTTBP(x)BP mit x = 0, 1, 2 (cis, trans), 3 und 4. Auf Ag(111) wird eine langreichweitig
geordnete quadratische 2D Phase beobachtet, die bis 400 K stabil ist. Auf Cu(111) koexistiert
diese mit einer Streifenphase, die bei 400 K in die quadratische Phase umgewandelt wird. Im
Gegensatz dazu adsorbieren 2H-diTTBP(x)BPs auf Cu(110) als isolierte Molekiile oder als
verstreute kurze 1D-Ketten (zwei bis drei Molekiile) entlang der Substratrichtung < 110 >, die
bis zu 450 K intakt bleiben. Auf allen Oberflichen ermdglichen hochauflésende STM-Bilder
die Identifizierung verschiedener 2H-diTTBP(x)BP-Spezies: eine "kronenformige"
quadratische Konformation auf Ag(111) und Cu(111), eine zusitzliche "Sattelform" auf
Cu(111), sowie eine "invertierte" Struktur und eine quadratische Struktur auf Cu(110). Die
verschiedenen Konformationen werden auf unterschiedlich starke Wechselwirkungen zwischen
den iminischen Stickstoffatomen der Isoindol- und Pyrrolgruppen und den Substratatomen
zuriickgefiihrt. Die Stabilisierung der geordneten 2D-Strukturen auf Ag(111) und Cu(111)
sowie der kurzen 1D-Ketten auf Cu(110) wird auf Van-der-Waals-Wechselwirkungen
zwischen den fert-Butyl- und Phenylgruppen der benachbarten Molekiile zuriickgefiihrt. Die
thermische Stabilitit der "kronenformigen" Konformation auf Ag(111) und Cu(111) sowie die
intakten isolierten "invertierten" Molekiile auf Cu(110) deuten darauf hin, dass keine Reaktion

stattgefunden hat. Auf Cu(111) hingegen deutet der Verlust der Streifenphase bei 400 K auf
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eine Reaktion hin, deren Natur aber schwer zu bestimmen ist. Eine einfache
Selbstmetallisierung mit Cu-Atomen ist unwahrscheinlich, da metallisierte Porphyrine Inseln
bilden. AuBlerdem weist das Auftreten einer intakten "invertierten" Struktur auf Cu(110) auf
das Fehlen einer Selbstmetallisierung hin. Eine Selbstmetallisierung kann aber bei Molekiilen
mit vier fast quadratisch angeordneten Erhebungen nicht ausgeschlossen werden. Insgesamt
zeigen diese Ergebnisse, dass die langreichweitige 2D-Ordnung oder die 1D-Kurzketten eher
durch die @uBere Peripherie der Molekiile als durch das Substrat oder die Anzahl der

Isoindolgruppen stabilisiert werden.

Nach der detaillierten Charakterisierung des Adsorptionsverhaltens hochkomplexer
Porphyrinderivate auf verschiedenen Metalloberflachen befasst sich Veroffentlichung [P3] mit
dem Adsorptions- und Reaktionsverhalten der ionischen Fliissigkeit [CiCiIm][TfaN] auf
Cu(111) mittels nc-AFM, STM und komplementiren XPS Messungen, in Kombination mit
DFT-Berechnungen. Die IL-Substrat-Grenzfliche ist von groffter Bedeutung fiir
SCILL-Systeme. Hierbei ist insbesondere die Rolle der IL fiir die Modifikation des Katalysators
von Bedeutung. [CiCiIm][Tf2N] wurde auf Cu(l1l) mit zwei verschiedenen
Priparationsmethoden aufgebracht: entweder bei RT, gefolgt von einer sehr schnellen
Abkiihlung auf 110 K, oder direkt bei niedrigen Temperaturen (< 160 K). Bei 200 K
assemblieren sich die IL-Filme selbst zu hoch-geordneten Inseln (Streifenphase) mit intakten
Kationen und Anionen, die nebeneinander angeordnet sind. DFT-Berechnungen zeigen zwei
identisch fast senkrecht zur Cu-Oberfliche orientierte Kationen und zwei Anionen mit
unterschiedlicher Orientierung, was mit dem deutlichen Kontrast der mittels nc-AFM bei 200 K
beobachteten Anionen und einer Adsorptionsenergie (aus DFT) von 3,5 eV pro lonenpaar
iibereinstimmt. Bei weiterem Erhitzen auf 300 K entwickelt sich die Streifenphase zunéchst zu
einer hexagonalen Phase und dann zu einer pordsen Wabenstruktur, die mit vielen kleinen
ungeordneten Inseln koexistiert. Die hexagonale Struktur ist eine Ubergangsstruktur von der
Streifenphase zur Wabenphase. Die Wabenstruktur wird als eine entgegengesetzt orientierte,
gestapelte "Sandwich-Struktur" aus intakten Anionen und Kationen interpretiert.
DFT-Berechnungen unterstiitzen die vorgeschlagene Struktur und zeigen, dass die Struktur auf
der Oberfliche mit einer Adsorptionsenergie von 3,1 eV stabil ist. Dariiber hinaus zeigen
komplementire XPS-Messungen, dass bei 200 K intakte Anionen und Kationen nebeneinander
adsorbiert werden und dass bis 300 K keine IL-Desorption auftritt. Ein groer Teil der ionischen
Fliissigkeit wird jedoch in neue Spezies umgewandelt, die bei etwa 275 K erscheinen und bei

300 K mit der Zeit zunehmen. Diese werden als Dissoziationsprodukte identifiziert und den
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ungeordneten Inseln in ATM/STM zugeordnet. Beim Erhitzen auf 350 K deutet XPS auf die
vollstdndige Zersetzung der IL auf der Oberfldche hin.

Zusammenfassend ldsst sich sagen, dass diese Arbeit neue, detaillierte Einblicke in das
Adsorptionsverhalten komplexer Porphyrinderivate und ionischer Fliissigkeiten auf
verschiedenen FEinkristall-Metalloberflichen liefert, wobei der Schwerpunkt auf der
spezifischen Rolle von Molekiil-Molekiil- und Molekiil-Substrat-Wechselwirkungen liegt. Das
grundlegende Verstindnis der in den Verodffentlichungen [P1-P4] untersuchten Systeme konnte
als Vorlage zur Herstellung von pérosen Templaten fiir die Entwicklung molekulare Geréte

oder katalytischer Konzepte dienen.
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20201201 51 1to 51 2

Figure 12b(B-R)

190204 58 to 77

Figure 16d(L)

20210826 _44 4

Figure 13a 190131 40 Figure 16d(M) | 20210828 88 1

Figure 13c 190204 58 to 77 Figure 16d(R) | 20210826 95 1

Figure 14a(L) 190123 01 Figure 16e(L) | 20200901 35 1

Figure 14a(M) 190122 07 Figure 16e(M) | 20200901 36 3

Figure 14a(R) 190121 38 Figure 16e(R) | 20200831 65 1

Figure 14b(L) 190124 206 Figure 17a(L) | 20201126 27 3t027 11
Figure 14b(M) 190109 42 Figure 17a(R) | 20201201 51 1to51 2

L = Left, M = Middle, R = Right, T = Top, B = Bottom, YY = Year, MM = Month, DD = Day, ##-## = Numbers
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® Formation of Highly Ordered Molecular Porous 2D Networks from

Cyano-Functionalized Porphyrins on Cu(111)

Rajan Adhikari,” Gretel Siglreithmaier,”” Martin Gurrath,”™ Manuel Meusel,”’ Jan Kuliga,®

Michael Lepper,” Helen Hélzel," Norbert Jux,*

Hubertus Marbach'®

! Bernd Meyer,*® Hans-Peter Steinriick,* and

(Abstract: We investigated the adsorption of three related
cyano-functionalized tetraphenyl porphyrin derivatives on
Cu(111) by scanning tunneling microscopy (STM) in ultra-
high vacuum (UHV) with the goal to identify the role of the
cyano group and the central Cu atom for the intermolecular
and supramolecular arrangement. The porphyrin derivatives
studied were Cu-TCNPP, Cu-cisDCNPP, and 2H-cisDCNPP, that
is, Cu-5,10,15,20-tetrakis-(p-cyano)-phenylporphyrin,  Cu-
meso-cis-di(p-cyano)-phenylporphyrin and 2H-meso-cis-di(p-
cyano)-phenylporphyrin, respectively. Starting from different
structures obtained after deposition at room temperature,
all three molecules form the same long-range ordered hex-
agonal honeycomb-type structure with triangular pores and

\

three molecules per unit cell. For the metal-free 2H-
cisDCNPP, this occurs only after self-metalation upon heat-
ing. The structure-forming elements are pores with a dis-
tance of 3.1 nm, formed by triangles of porphyrins fused to-
gether by cyano-Cu-cyano interactions with Cu adatoms.
This finding leads us to suggest that two cyano-phenyl
groups in the “cis” position is the minimum prerequisite to
form a highly ordered 2D porous molecular pattern. The ex-
perimental findings are supported by detailed density func-
tional theory calculations to analyze the driving forces that
lead to the formation of the porous hexagonal honeycomb-
type structure.

/

Introduction

It is still an ongoing challenge to organize matter on the mo-
lecular or even atomic scale. In this regard, the topic of self-as-
sembled supramolecular networks of organic molecules on
noble-metal surfaces developed as a vivid research field over
the last two decades. Molecular self-assembly, based on molec-
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article under the terms of Creative Commons Attribution NonCommercial-
NoDerivs License, which permits use and distribution in any medium, pro-
vided the original work is properly cited, the use is non-commercial and no
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ular recognition concepts in supramolecular chemistry,"’ aims
at design, synthesis, and understanding of the assembly of a
discrete number of molecular entities into larger ensembiles. In
the new supramolecular entities with larger shapes and sizes,
the spatial organization of the functional building blocks is
controlled by intermolecular forces such as hydrogen bond-
ing,” m-m stacking,” dipolar coupling,” metal coordination,”
and dispersion forces, all of which are weaker than covalent
bonding. Molecular self-assemblies and their properties on sur-
faces not only depend on the intermolecular interactions but
also on the adsorbate-substrate interactions; therefore they
can be tuned by modifications within the molecules® and by
the choice of the underlying substrate.”

If it comes to the directed self-assembly toward functional
molecular architectures, porphyrins® appear to be a particular-
ly suitable class of molecules, since they are omnipresent in
nature, for example in chlorophyll (Mg-centen)® and heme (Fe-
center).'” Porphyrins consist of a tetrapyrrolic macrocycle with
a central cavity, which can coordinate a variety of metal
atoms.”" Owing to these properties, porphyrins adsorbed at
metal surfaces offer a rich playground for the detailed investi-
gation and manipulation of desired systems. Recently, the at-
tachment of one or more cyano-functionalized groups to por-
phyrins turned out to be particularly interesting, because the
negatively charged N-atoms can interact through different
bonding motifs with neighboring molecules. Notably, cyano
groups cannot only contribute in hydrogen bonding and dipo-
lar coupling, but also can coordinate to different metals.*'?

Chem. Eur. J. 2020, 26, 13408 - 13418 Wiley Online Library 13408 © 2020 The Authors. Published by Wiley-VCH GmbH
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Furthermore, it was shown that the electron withdrawing
effect of the peripheral cyano groups significantly influences
the self-metalation of corresponding metal-free porphyrin de-
rivatives on Cu(111).'%

In addition to the already reported individual molecules
(0D)"* and molecular chains (1D)!"*' of cyano-functionalized
porphyrins, we herein report the formation of peculiar porous
networks (2D), which is again triggered by the functional
cyano groups. Previously, 2D molecular porous networks were
reported using different classes of organic molecules on single
crystal metal surfaces."™ These 2D molecular porous networks
are especially interesting, since they have a high potential as
“host template” for functional guest molecules, for example, to
study the dynamics of guest binding within the pore or to lo-
calize them even at elevated temperatures for the manipula-
tion by an STM tip. Moreover, the pores may also serve as
nanoreactors.'”

Generally, the self-assembly of ordered supramolecular net-
works depends on the nature and functionality of the corre-
sponding molecular building blocks, the choice of the sub-
strate and the applied conditions. For example, the porous
networks formed by trimesic acid (TMA) and its larger relative
1,3,5-benzene-tribenzoic acid (BTB) have been studied on sur-
faces like HOPG"™ and Au(111)."® Moreover, the porous net-
works stabilized by metal coordination captured increasing at-
tention due to metal-ligand bonding, and thus its stability is
stronger than usual hydrogen-bonded porous networks. More
often, for the formation of metal-organic networks Fe, Co, Ni,
or Cu atoms are introduced as linker metals for co-adsorbed
organic molecules. Aside from directly introduced transition
metal atoms, adatoms from the surface, onto which molecules
are deposited, can be used for metal-organic coordination. Re-
cently, examples for this type of interactions have been report-
ed by Lepper etal. on Cu(111)"* and by Gottardi et al. on
Au(111).07

Figure 1 depicts the chemical structures of Cu-TCNPP, Cu-
cisDCNPP, and 2H-cisDCNPP, in which fourfold and twofold
(cis)-cyano-phenyl groups are attached to the meso-position of
the porphyrin core. In this contribution, we will show that the
depicted metalated species tend to self-assemble into a pecu-
liar well-ordered porous commensurate array, which is stable
at RT. We will discuss the importance of the cyano-cis confor-
mation as a prerequisite for the latter structure as well as the
role of the metalated center.

The adsorption of the different molecules was studied by
scanning tunneling microscopy (STM) and density functional
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Figure 1. Chemical structure of different cyano-functionalized porphyrins:
(@) Cu-TCNPP, (b) Cu-cisDCNPP, and (c) 2H-cisDCNPP.
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theory (DFT) calculations. The DFT calculations are based on a
modified dispersion correction scheme, which gave very accu-
rate results for binding energies and structures of aromatic
molecules on Cu and Ag surfaces in a recent benchmark
study."®'¥ Details of the methods and the synthesis of the
molecules are provided in the Supporting Information.

Results and Discussion
Cu-TCNPP on Cu(111):

Figure 2a depicts an STM image of Cu-TCNPP deposited on
Cu(111) at RT, with an average coverage of 0.0084 ML (1 ML
refers to one adsorbate molecule per surface atom). One can
clearly distinguish two prominent molecular ordering patterns,
namely a 2D hexagonal honeycomb-type motif and a 1D linear
double-row motif. The self-assembled supramolecular ordered
islands are often connected to step edges, which indicates
that the steps are energetically favored adsorption sites, which
act as nucleation centers.""® While no isolated Cu-TCNPP spe-
cies could be imaged at RT, we observe clear indications for
the existence of very mobile molecules on the surface, for ex-
ample, attaching and detaching molecules and noisy streaks
appearing in the fast scanning direction of the STM. The latter
observation is attributed to fast Cu-TCNPP moving molecules,
which can be interpreted as a two-dimensional (2D) gas
phase."™ Similar observations have been reported for cop-
per(ll)-tetraphenylporphyrin (Cu-TPP) on Cu(111) at RT" In ad-
dition to the described behavior, we observe an individual
molecule diffusing towards and away from the hexagonal hon-
eycomb-type pattern in Figure 2a (indicted by an arrow; see
also Figure S1 in the Supporting Information). This molecule
moves along one of the high-symmetry crystallographic direc-
tions of the Cu(111) surface and is identified as 2H-TCNPP!"?!
which is a residue stemming from the synthesis of Cu-TCNPP.
The 2H-TCNPP molecule appears as four bright lobes in the pe-
riphery and two dominating protrusions in the center. The dif-
fusion of individual isolated metal-free porphyrins along high-
symmetry crystallographic directions at RT is a common obser-
vation on Cu(111).l"¢

In the following, we will discuss the appearance of individual
Cu-TCNPP molecules in the two motifs. The molecules in the
1D linear double-row motif are shown in Figure 2b and 2c on
enlarged scales; they appear as six distinguishable, clearly rec-
ognizable protrusions, which are arranged in two parallel
groups of three. By comparison with the chemical structure
(c.f. Figure 1a) and STM reports concerning metallo-porphyrins
in literature,® " the outer four protrusions are assigned to the
peripheral phenyl substituents, and the two central ones to
the slightly bent up pyrrole groups; this is evident from Fig-
ure 2d, where the STM image from Figure 2 c is overlaid with a
scaled molecule model. The overall intramolecular conforma-
tion can be described as saddle-shape conformation with the
pyrrole groups tilted out of the macrocyclic plane.”” The elon-
gated depression (dark line) between two parallel groups of
three protrusions is referred to as molecular axis; it is aligned

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. (a) Average frame of an STM movie (15 consecutively recorded images) of Cu-TCNPP, deposited and measured at RT, showing a 1D linear parallel
motif and a 2D porous hexagonal honeycomb-type motif (30x30 nm?, Uy,s=—1V, I,,=28.8 pA). (b) Short 1D parallel molecular chains (5x5 nm?,
Upias=—1V, I,,;=28.8 pA). (c) High resolution STM image of a single Cu-TCNPP molecule with six protrusions, which are ascribed to the two iminic pyrrole
groups (center) and the 4 phenyl (peripheral) groups (1.5% 1.5 nm?, Up;,s=—1V, I,,=28.8 pA). (d) Single Cu-TCNPP molecule overlaid with a molecule model
(1.5% 1.5 NM?, Upips=—1V, I,,=28.8 pA). (e) STM image of the highly ordered 2D porous honeycomb-type pattern with the lattice vectors of the unit cell indi-
cated as dashed yellow lines, respectively (10x 10 nm?, Uy, =—1V, l,=29 pA). (f) STM image of (e) is overlaid with scaled models of Cu-TCNPP molecules.

to one of the high-symmetry crystallographic directions of the  face and molecule-molecule interactions as well as steric forces
Cu(111) substrate. within the molecule. The saddle-shape conformation is

Generally, the intramolecular conformation of TPPs on a sur-  common for TPPs and slightly modified TPPs on a variety of
face is determined by a subtle balance between molecule-sur-  surfaces. In contrast, metal-free 2H-TPP®" and the correspond-

Chem. Eur. J. 2020, 26, 13408 - 13418 www.chemeurj.org 13410 © 2020 The Authors. Published by Wiley-VCH GmbH

85U8017 SUOLIIOD BA 81D 3|gedljdde au) Ag peusenob afe se[ole VO ‘88N J0 S8|ni Joj Afeiq1T8UlUQ A8]IMW UO (SUOTHPUOD-PUB-SULBIWO A8 | 1M AsRIq | Ul [UO//SANY) SUORIPUOD PUe SWs 1 8y} 89S *[£202/80/02] Uo ARiqiTauljuo Ao ‘Auew e aueiyooD Aq 086T0020Z WeUd/Z00T OT/I0p/Wo 48| im Aselq i pul|uo'adoine-Ansiueyd//sdny wouy pepeojumod ‘65 ‘oTz ‘G9/ETZST


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202001980

ing cyano-functionalized species 2H-(5-mono-(p-cyanophenyl))-
(10,15,20-triphenyl)-porphyrin  (2H-MCNPP), 2H-cisDCNPP, and
2H-TCNPP''22% exhibit a very peculiar “inverted” structure on
Cu(111), which is characterized by direct N—Cu bonds and two
nearly upright pyrrole groups.”?

Next, we analyze the supramolecular arrangement in the 2D
hexagonal honeycomb-type motif in detail. Figure 2e shows a
high resolution image clearly resolving the sub-molecular fea-
tures and the highly ordered network with regular triangular
pores. The structure can be described with a primitive hexago-
nal unit cell (y=60°+£2°) containing 3 molecules and lattice
vectors of 3.04+0.15nm. In order to further elucidate the
supramolecular structure and the intermolecular network, the
STM image is overlaid with scaled models of Cu-TCNPP in Fig-
ure 2f. From this comparison, it is evident that neighboring
cyano groups face each other at the corners of the triangular
pores. Notably, the molecules enclosing the triangular pores
are aligned along the three high-symmetry crystallographic di-
rections of the Cu(111) surface.

The arrangement of the cyano groups at the corners of the
triangular pores indicates that the observed supramolecular
network of Cu-TCNPP on Cu(111) is not due to the mutual sta-
bilization via attractive intermolecular interactions, which was
proposed for the metal-free 2H-TCNPP on Ag(111)."*! Consid-
ering the polarity of the cyano groups, a direct CN—NC interac-
tion is not expected to be energetically favorable. Furthermore,
we interpret that the commonly observed T-type and m—x in-
termolecular stacking of porphyrin derivatives are not in line
with the relatively large distance of peripheral cyano
groups.®*#! For the same reasons, we also rule out the known
binding interaction for cyano groups, namely, via hydrogen
bonds and dipolar coupling.!'2¢®

We rather propose that the terminating C—N groups are
linked through native Cu adatoms. Indeed, the lone pair elec-
trons provided by the N atoms of the functionalized cyano

end groups possess high binding affinity towards transition
metals.”” This mechanism has been reported frequently for N-
terminated organic molecules for metal-organic network for-
mation, since the Cu(111) surface is known to offer adequate
native adatoms.**?*) We suggest that the native adatoms at
the corners of the triangles fuse together two porphyrins by
cyano-Cu-cyano interactions, and thereby stabilize the ordered
2D porous honeycomb-type networks (for details see DFT cal-
culations below). Three Cu-TCNPP molecules are rotated by
60° with each other forming the regular triangular pores. The
fact that the adatoms located at the corners of the triangular
cavities are not visible in the STM images has been reported
before for 3d-block transition metals within 2D porous net-
works on metal surfaces.!'2>4242¢

After analyzing the appearance of individual Cu-TCNPPs and
their supramolecular arrangement, we performed annealing
experiments to probe the stability of the different phases. Fig-
ure 3a shows the STM image acquired at RT after annealing at
400 K. Interestingly, we find a complete transformation to the
monomodal appearance of the 2D hexagonal honeycomb-type
pattern, with no 1D linear double-row motifs left.

The observation of the extended long-range ordered struc-
ture, which is perfectly aligned along the high symmetry direc-
tions of the substrate allows for further insights. The perfect
alignment and the absence of any moiré pattern is a strong in-
dication that the superstructure is commensurate with the un-
derlying substrate. The driving force likely is that the linking
Cu adatoms have a well-defined adsorption site on the Cu(111)
surface. In Figure 3b, we depicted a structural model, which is
based on the STM image in Figure 3a, and on the detailed DFT
calculations presented below. Note that since we are not able
to determine the exact positions of the Cu-TCNPP molecules
on the Cu(111) lattice from our STM images, this information
solely stems from the calculations. The primitive hexagonal
unit cell corresponds to a (7,/3x7,/3)R30° superstructure,

T v T TR S A .
SRy
e AN G

Figure 3. (a) A 100x 100 nm? STM image depicts the full monomodal transformation of Cu-TCNPP after annealing at 400 K (Uy;,;=—1V, l,,= 30 pA); the high-
symmetry crystallographic < 110 > substrate directions are indicated as white double arrows. (b) DFT-optimized structure of the porous honeycomb-type net-
work showing a hexagonal (7./3x7,/3)R30° superstructure, in which the molecules are linked through Cu adatoms on Cu(111).
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with a length of the lattice vector of 3.09 nm. In this structure,
the porphyrins adsorb on bridge sites and the connecting Cu
adatoms occupy threefold hollow sites (see below).

Further annealing to 450 K results in a loss of the long-
ranged ordered structure, and the observation of randomly ori-
ented individual molecules, which display four pronounced
protrusions; see Figure S2 in the Supporting Information. We
tentatively assign our observations to the formation of intra-
molecular C—C bonds between the phenyl groups and the por-
phyrin core, after dehydrogenation of the corresponding
carbon atoms.@ Similar reactions have been proposed for 2H-
TPP on Ag(111) after heating to above 525 K,*»?” for 2H-TPP
on Cu(111)® and for 2H-TCNPP on Pd/Cu(111).2? Moreover,
from STM, we find that there is no long-range order any more,
but most of the reacted molecules are still aligned along one
of the high symmetry substrate directions. This likely is due to
specific interactions of the cyano groups with the substrate Cu
atoms.

Cu-cisDCNPP on Cu(111):

To gain deeper insight into the formation of 2D porous net-
works and in particular into the role of the cyano-functional-
ized phenyl groups, we varied the number of cyano-functional-
ized substitutions from four to two in cis-configuration. Fig-
ure 4a depicts an STM image of Cu-cisDCNPP deposited and
measured at RT on Cu(111) with an average coverage of
0.0067 ML. We observe characteristic structures with one or
more pores, which show a large similarity to the 2D hexagonal
honeycomb-type motif observed for Cu-TCNPP (see above).
We distinguish triangular “monoflakes” with one pore, “bi-
flakes” with two pores and “multiflakes” with more than
2 pores. The molecularly resolved image of a monoflake in Fig-
ure 4b shows that the individual molecules within the flakes
are characterized by two parallel elongated protrusions, which
indicates a saddle-shape conformation,?"® identical to that
proposed for Cu-TCNPP. Notably, also a small number of mono-
mers and dimers are visible, which are assigned to metal-free
2H-cisDCNPP molecules, which are most likely present in the
Cu-cisDCNPP material as residues of the synthesis process.

In Figure 4¢, the STM image of the monoflake shown in Fig-
ure 4b is superimposed with scaled models of Cu-cisDCNPP.
Three molecules, rotated to each other by 60°, form the central
triangular pore of the monoflake. From the tentative overlay, it
becomes apparent that the neighboring cyano groups face
each other at the corners of the triangular pore, which is the
identical arrangement as for Cu-TCNPP (see above). Again, the
three sides of the triangular pores reflect the three main high-
symmetry crystallographic directions of Cu(111). Along the
lines discussed for Cu-TCNPP, we propose that native Cu ada-
toms from the substrate stabilize the structure through local
CN-Cu-NC motifs.

As a next step, we annealed the adsorbed layer to 400 K for
60 min. Figure 4d depicts the STM image acquired at RT after
annealing. Interestingly, the triangular porous “monoflakes”,
“biflakes” and “multiflakes” are not observed anymore, but in-
stead have undergone a transformation towards a long-range-
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ordered 2D porous hexagonal honeycomb-type pattern. Its
structure is within the margins of error identical to the one ob-
served for Cu-TCNPP. The comparison to Figure 3a shows
smaller domains, with areas of uncovered substrate in be-
tween. This observation is likely due to the low mobility of the
larger flakes, which serve as nucleation centers for the larger
long-range-ordered domains. Interestingly, all pores in Fig-
ure 4d and 4e are empty, which is in contrast to Figure 33,
where some of the pores are filled by unidentified contamina-
tions, which could originate from the synthesis process.

2H-cisDCNPP on Cu(111):

To obtain further information on the formation of the observed
long-range ordered porous networks and in particular to evalu-
ate the role of the central Cu atom, we also studied the ad-
sorption of the metal-free 2H-cisDCNPP on Cu(111) at RT with
an average coverage of 0.0168 ML. Figure 5a depicts an STM
image of 2H-cisDCNPP deposited and measured at RT on
Cu(111). The molecules do not form any long-range ordered
network, but are adsorbed as individual species. Each molecule
appears as four bright lobes in the periphery, and two domi-
nating protrusions in the center; the latter are hardly resolved
and mostly appear as one longish protrusion. The molecular
appearance and the general adsorption behavior is very similar
to that of 2H-TCNPP on Cu(111),"%! where the intramolecular
conformation is described by the so-called “inverted” structur-
e."™ In this structure, two opposite pyrrole rings are oriented
perpendicular to the Cu surface, yielding the two bright central
protrusions in the sub-molecularly resolved STM image, similar
as seen in Figure 5a. The molecules are aligned along one of
the high-symmetry crystallographic directions of the substrate,
which is due to a strong attractive site-specific interaction be-
tween the iminic nitrogens of the macrocycle and the Cu
atoms of the Cu(111) surface.”” In a previous study of 2H-
cisDCNPP on Cu(111) at much lower coverages, but otherwise
similar conditions, the formation of dimers connected through
native Cu adatoms was reported, along with self-metalation at
400 K."* At the high coverage studied here, we do observe
some dimers, but neither extended 1D chains nor 2D porous
networks are evident.

As a next step, we annealed the adsorbed layer to 400 K for
300 min. After heating, we observe almost complete transfor-
mation of the individually adsorbed molecules into a perfectly
ordered 2D hexagonal honeycomb-type porous structure, as
depicted in Figure 5b. Obviously, the prolonged heating step
leads to the formation of this thermodynamically more favora-
ble long-range ordered structure. Notably, within the islands
no single defect or adsorbed contaminations are observed. In
the sub-molecularly resolved image in Figure 5¢, the molecules
appear as six clearly distinguishable protrusions, which are ar-
ranged in two parallel rows of three protrusions. This appear-
ance is identical to that observed for Cu-TCNPP (see Figure 2),
which is a strong indication that upon heating self-metalation
of 2H-cisDCNPP with Cu atoms from the Cu(111) surface oc-
curred, yielding Cu-cisDCNPP.2230
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Figure 4. (a) A 80x 80 nm? STM image showing Cu-cisDCNPP deposited and measured at RT (Uy;,s=—1.02 V, I, = 28.8 pA). (b, c) High resolution STM image
showing a monoflake with molecular model superimposed (7.5x 7.5 nm?, Uy, =—1.02 V, I, =28.8 pA). (d) A 100x 100 nm? STM image depicts 2D porous net-
work formation after a 400 K annealing step (Uy,s=—1.01V, I,,=29.5 pA). (e, f) Close-up STM image with unit cell and tentative molecule model overlayed

(10x10 NM?, Upoe = —1.02 V, I, = 28.8 pA).

The detailed analysis of the molecularly resolved STM
images in Figure 5¢ reveals that the ordered 2D network has
the identical structure with triangular pores as described
above for Cu-cisDCNPP and Cu-TCNPP, within the margin of
error. The STM image overlaid with scaled models of Cu-

cisDCNPP molecules in Figure 5d shows that neighboring
cyano groups face each other at the corners of the triangular
pore. Again, three molecules rotated by 60° to each other and
oriented along the three main high-symmetry crystallographic
directions of Cu(111) form the triangular pores. In analogy to
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Figure 5. (a) A 40x40 nm? STM image showing 2H-cisDCNPP deposited and measured at RT (Up,s = —1V, l.=30.3 pA). (b) Annealing at 400 K results in con-
version of 2H-cisDCNPP into Cu-cisDCNPP (30x 30 nm?, U;,s=—1.22V, I,,,=29.4 pA). (c, d) Close-up STM image with unit cell and tentative molecule model

overlayed (10x 10 nm?, Uyo=—1.22V, [, =29.4 pA).

the observations for Cu-cisDCNPP and Cu-TCNPP, we propose
that the driving force for the formation of the observed
porous pattern is a linking through native adatoms at the cor-
ners of the triangular pore, that is, the Cu-cisDCNPP molecules
fuse together by CN-Cu-NC interactions as illustrated in Fig-
ure 5d.

Notably, 2H-TCNPP on Cu(111)"?"! did not show the transi-
tion to the porous structure upon annealing at elevated tem-
peratures, which was observed here for 2H-cisDCNPP. This be-
havior is attributed to the significantly larger activation barrier
for metalation for 2H-TCNPP.'*

Theoretical calculations

To analyze the driving forces that lead to the formation of the
porous hexagonal honeycomb-type structure of the adsorbed
porphyrins, we performed extensive density functional theory
(DFT) calculations. In a first series of calculations, we deter-
mined the preferred adsorption site of the CN-functionalized
Cu porphyrins on the Cu(111) surface. The corrugation of the
energy landscape, which is obtained when a Cu porphyrin is

Chem. Eur. J. 2020, 26, 13408 - 13418 www.chemeurj.org
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translated over the surface, is rather weak (about 0.35 eV in
the case of Cu-TPP, see Figure S5b in the Supporting Informa-
tion), which leads to fast diffusion on Cu(111), as observed by
STM. Nevertheless, there is one single site, which is clearly pre-
ferred by the porphyrins, independent of a CN functionaliza-
tion. This site is determined by the interaction of the N atoms
of the porphyrin core with Cu atoms of the substrate. The cen-
tral porphyrin Cu atom is in a bridging position and the N
atoms are roughly on-top of surface Cu atoms (see Figure 6).
This position of the porphyrin core simultaneously guarantees
that terminal CN groups point to on-top sites of the Cu(111)
surface (see Figure 6b, ¢ and Figure S6a, b). Only the on-top
sites show an attractive interaction with the CN groups, the
hollow and the bridge sites are repulsive."?®! Furthermore, Fig-
ures S6¢, d and S7b, ¢ demonstrate that the terminal CN
groups can easily incorporate Cu adatoms, which sit preferen-
tially in fcc or hcp hollow sites.

All Cu porphyrins with and without CN functionalization
maintain their gas-phase saddle-shape configuration upon ad-
sorption on Cu(111). The downward-tilted pyrrole rings give
rise to a dark line in the STM contrast. The calculations predict

© 2020 The Authors. Published by Wiley-VCH GmbH

85U8017 SUOLIIOD BA 81D 3|gedljdde au) Ag peusenob afe se[ole VO ‘88N J0 S8|ni Joj Afeiq1T8UlUQ A8]IMW UO (SUOTHPUOD-PUB-SULBIWO A8 | 1M AsRIq | Ul [UO//SANY) SUORIPUOD PUe SWs 1 8y} 89S *[£202/80/02] Uo ARiqiTauljuo Ao ‘Auew e aueiyooD Aq 086T0020Z WeUd/Z00T OT/I0p/Wo 48| im Aselq i pul|uo'adoine-Ansiueyd//sdny wouy pepeojumod ‘65 ‘ozrz ‘G9/ETZST


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202001980

(a) Cu-TPP (b) Cu-TCNPP (c) Cu-cisDCNPP

RSP S

, B %
::jv:vo“}:; }:?
5332 53
g::,

Pl e

= &%l

'*f"»f ra-
f*’

N

Sed

$14 434
1 g
@w

s

<3
o

S -

Figure 6. Side and top view of the relaxed structure of (a) Cu-TPP, (b) Cu-TCNPP and (c) Cu-cisDCNPP molecules on Cu(111) at their most favorable adsorption
sites. In all cases, the saddle shape of the porphyrin is visible. The downward-tilted pyrrole rings (with slightly higher N atoms) are oriented along the dense-
ly-packed Cu rows. Cu, C, N and H atoms are shown in yellow, black, blue and white, respectively. The same color code is used in all figures.

that in the preferred orientation of the Cu porphyrins the dark
line is aligned with the densely-packed Cu rows, which is in
agreement with the experimental STM observation (see Fig-
ure 2¢).

Next we performed a detailed analysis of the molecule-mole-
cule interactions of the porphyrin molecules on the Cu(111)
surface. Six configurations of Cu porphyrin molecules with and
without CN functionalization as well as with and without Cu
adatoms were considered, which will be discussed in the fol-
lowing step-by-step. Calculations were done with a (7,/3%
7./3)R30° surface unit cell containing three Cu porphyrin mole-
cules. The experimentally observed honeycomb-type structure
is characterized by two different types of molecular contacts:
three molecules form a triangle with a large pore in the
middle and CN groups facing each other at the corners. Subse-
quently, the triangles are densely packed and their outer rim
connect in another triangular motif, in which the phenyl rings
are roughly oriented in a T-shaped stacking (see Figure S8 in
the Supporting Information). In the following we will refer to
these two types of molecule-molecule interactions as the
“pore” and the triangular “rim” contact.

The first important observation is that three porphyrin mole-
cules can be arranged in a (7,/3x7,/3)R30° unit cell in such a
way that (1) the pore and rim contacts proposed by the analy-
sis of the STM images can be established, (2) the structure
maintains a 3-fold symmetry and, most important, (3) all por-
phyrins adopt their preferred adsorption site, thereby gaining
the largest possible adsorption energy.

We start by building this structure with the non-functional-

pore is “open”, i.e., the phenyl rings are far enough apart that
they do not interact. On the other hand, the rim contact is
fully “closed” (see Figure 7a, ¢), i.e., the distance between the
Cu-TPPs on Cu(111) (measured between the central Cu atoms)
of 16.265 A is close to the gas-phase value of 15.385 A, which
was obtained by a structure optimization of the Cu-TPP trian-
gle without substrate (note that in the gas-phase calculation
the phenyl rings are more upright-oriented with respect to the
porphyrin plane than on the surface, which allows the mole-
cules to come closer together).

By comparing the binding energy per molecule of this struc-
ture with the value for the single, well-separated molecule we
can determine the strength of the molecule-molecule interac-
tion E™™ for the rim contact. Since no “pore interaction” is

int
present, £l is given by the difference AE, of the two binding
energies. The rim interaction is attractive with about 0.11 eV
per molecule (see Table 1). Since we do not observe that the
Cu-TPP molecules are pulled out of their bridge position, the

dispersion interaction across the rim is close to its optimum

layer

Table 1. Calculated binding energy E;”" per molecule of Cu porphyrins
on Cu(111) for the 6 porous honeycomb-type structures discussed in the
text. All calculations were done with a (7,/3x7,/3)R30° unit cell contain-
ing three porphyrin molecules. £"" is the binding energy of a single,
well-separated porphyrin molecule as given in Table S1. The difference
AE, between the two binding energies describes the on-surface mole-
cule-molecule interaction.

Porphyrin E>[eV] Ein9 eV AE, [eV]
ized Cu-TPP porphyrins without CN groups (Figure 7a, c, struc-

1 thi is calculated h hetical ref 1: Cu-TPP 3.50 3.39 +0.11
ture 1; this structure is calculated as a hypothetical reference 2: Cu-cisDCNPP 361 3.60 4001
to evaluate the contributions of the different interactions). The 3: Cu-cisDCNPP 3.68 3.60 +0.08
centers of the pore and the triangular rim contact are hollow 4: Cu-TCNPP 3.67 3.79 —0.12
sites on the Cu(111) surface (see Figure 7a, c and Figure S8 in 5: Cu-cisDCNPP + Cuyg 4.06 344 +062

. . . . 6: Cu-TCNPP + Cu,q 417 3.69 +0.48
the Supporting Information). Without the terminal CN, the
Chem. Eur. J. 2020, 26, 13408 - 13418 www.chemeurj.org 13415 © 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 7. Atomic structure of the triangular contact at the rim, (a) without and (b) with terminal CN groups. (c) Open pore structure, (d) with terminal CN
groups interacting with neighboring Cu atoms of the substrate, and (e) with terminal CN groups connected by Cu adatoms.

and cannot be increased further by bringing the Cu-TPP mole-
cules closer together.

The next three structures 2-4 were obtained by adding CN
groups to structure 1 (see Figure S9). Structure 2 consists of
Cu-cisDCNPPs with CN groups in the rim area while still main-
taining an “open” pore (see Figure 7b). The N atoms of the ter-
minal CN groups coordinate to surface Cu atoms as in the case
of well-separated adsorbates (see Figure 6b) and do not estab-
lish hydrogen bonds with the neighboring pyrrole rings. The
lower-lying CN groups basically do not interact with the
higher-lying pyrrole rings of the neighboring molecules. Con-
sequently, the binding energy per molecule in the network
structure is basically unchanged compared to the isolated ad-
sorbate (i.e. 4E, is almost zero, see Table 1). This shows that
the same packing of “pore triangles” can be achieved with and
without CN groups at the outer rim.

Structure 3 is also built of Cu-cisDCNPPs, but now the CN
groups are pointing to the pore (see Figure 7d and Figure S9).
These CN groups connect to neighboring Cu atoms on the
Cu(111) surface. In previous studies, it was speculated that
such an adsorption on neighboring sites could lead to an at-
tractive interaction induced by a small lift of the Cu atoms out
of the surface plane’"” However, in our previous calcula-
tions"®! we could not confirm the presence of an attractive in-
teraction but found a small repulsion instead. Also here, the in-
spection of the binding energies points toward the absence of
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a significant attractive interaction between neighboring CN-Cu
sites. Structure 3 exhibits the same rim contact as structure 1
together with a pore contact consisting of terminal CN groups
interacting with neighboring substrate Cu sites. The rim con-
tact should give at least the same gain in binding energy AE,
of 0.11 eV as observed in structure 1. However, for structure 3
we only observe a gain of 0.08 eV (see Table 1). The difference
of 0.03 eV per Cu-cisDCNPP molecule stems from the pore in-
teraction and is repulsive.

The absence of a significant attractive interaction of CN—Cu
contacts involving neighboring Cu surface sites is furthermore
demonstrated by repeating the calculations of the structural
motif 3 with a larger (8,/3x8,/3)R30° unit cell, in which we
can systematically open and close the pore and the rim con-
tact (see Figure S10). No significant change in energy is ob-
served when the CN—Cu sites are pulled apart by one Cu—Cu
distance.

Also structure 4 (Figure S9d) of the porphyrins with four ter-
minal CN groups (Cu-TCNPP) indicates a repulsive interaction
for the pore contact. The binding energy per molecule is re-
duced with respect to the separated molecules. In the first
place, the rim contact has become slightly repulsive since the
porphyrins cannot be displaced anymore from their bridge
sites (compare to structure 2 in Figure 7b and d), but obvious-
ly this is not compensated by a strong attractive pore interac-
tion.

© 2020 The Authors. Published by Wiley-VCH GmbH
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In summary, in the triangular pore motif, a strong repulsion
between facing CN groups of neighboring porphyrin mole-
cules is avoided by a bending-down of the CN groups and the
formation of CN—Cu contacts with neighboring Cu surface
atoms. However, this binding motif does not lead to a signifi-
cant attractive interaction between the porphyrins. The experi-
mentally observed dominant formation of the triangular pore
structure and its thermal stability therefore cannot be ex-
plained by this binding motif.

On the other hand, Cu adatoms can mediate a strong attrac-
tion. If Cu adatoms are added to structure 3 (the result is struc-
ture 5, see Figure 7e and Figure S11), the binding energy per
molecule increases by 0.65 eV compared to separated mole-
cules (see Table 1). Subtracting the contribution of the rim con-
tact of 0.11 eV (see structure 1), we find a strong attractive
pore interaction of 0.54 eV per molecule. The origin of the at-
traction is that now two instead of only one CN group connect
to a Cu adatom (or, in other words, less Cu adatoms for a
given number of CN groups have to be created). The strong
attractive pore interaction is also confirmed by adding Cu ada-
toms to structure 4 (giving structure 6; see Figure 3b), where
we find a value of 0.48 eV for the molecule-molecule interac-
tion in the pore (assuming that the rim interaction is about
zero, see structure 2).

The overall larger binding energy for the network structures
with Cu adatoms also implies that they are the thermodynamic
ground state. This is in contrast to single molecules, where the
DFT calculations predict a decomposition of adatom structures
into molecules adsorbed on the terrace and a condensation of
the Cu atoms at zero temperature (see Supporting Informa-
tion).

Conclusions

We investigated the adsorption of three related cyano-func-
tionalized tetraphenyl porphyrin derivatives on Cu(111) by
scanning tunneling microscopy (STM) in ultra-high vacuum
(UHV) combined with detailed density functional theory (DFT)
calculations. The goal was to identify the role of the cyano
group and the central Cu atom for the intermolecular and
supramolecular arrangement. The porphyrin derivatives stud-
ied were Cu-TCNPP, Cu-cisDCNPP, and 2H-cisDCNPP. Cu-TCNPP,
with four cyano groups, forms a hexagonal honeycomb-type
pattern with triangular pores, which coexists with 1D molecu-
lar double chains at room temperature (RT). Annealing to
400 K yields a complete transformation to a hexagonal honey-
comb-type structure with pronounced long-range order. Cu-
cisDCNPP, with two cyano groups in “cis” position, forms mon-
oflakes with a triangular pore, along with bi- and multiflakes at
RT, which all transform to the hexagonal honeycomb-type
structure at 400 K. The metal-free 2H-cisDCNPP shows no order
at RT, but self-metalates upon heating to 400 K and transforms
into the same perfectly ordered hexagonal honeycomb-type
structure as the other two porphyrins. The ordered flakes and
the hexagonal honeycomb-type structures all contain the
same structure-forming element, namely triangles of porphyr-
ins fused together by cyano-Cu-cyano interactions with native
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Cu adatoms. These three molecules are rotated to each other
by 60° and are aligned parallel to the substrate high-symmetry
directions; this alignment is enforced by the preferential ad-
sorption arrangement of the porphyrins and it is stabilized by
the linking Cu adatoms at threefold sites at the corners of the
pores. These site-specific interactions with the Cu surface also
make the long-range ordered structure commensurate. The
DFT calculations provide detailed insights into the various en-
ergetic contributions that lead to the observed long-range or-
dered hexagonal honeycomb-type structure with triangular
pores. Looking at the internal structure of the unit cell, one
gets the impression that interactions of the other two porphy-
rin ligands (with CN groups for Cu-TCNPP, and without CN li-
gands for Cu-cisDCNPP and 2H-cisDCNPP) do not play a major
role for the formation of the long-range order. This finding
leads us to suggest that the twofold cyano-functionalized por-
phyrin with “cis” conformation is the minimum prerequisite to
form a highly ordered 2D porous molecular pattern that might
grant protocols as a nanoscaled template. To conclude, our
findings suggest that the cyano groups as functional groups
participate in directed attractive interactions, which will allow
for the rational design and construction of a wide range of
nano-scaled supramolecular architectures adsorbed to surfaces.
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Experimental Section

STM. All experiments, sample preparations and STM measurements were performed in an
ultrahigh vacuum (UHV) system with a base pressure in the low 1071 mbar regime. The
preparation of the Cu(111) surface was done by sequential cycles of Ar* ions bombardment
(600eV) followed by annealing at 850 K. STM was performed with an RHK UHV VT STM
300 operated at room temperature (RT) with RHK SPM 100 electronics. All STM images
were obtained with a manually cut Pt/Ir tip in constant current mode. The bias voltage re-
ferred to the sample. The STM images were processed with the WSxM software. ™ For noise
reduction, moderate filtering (background subtraction, Gaussian smoothing) was applied.
The investigated porphyrin derivatives, Cu-TCNPP, Cu-cisDCNPP and 2H-cisDCNPP were
deposited onto the substrate held at RT using a home-built Knudsen cell, with the crucible
at 790, 675 and 645 K, respectively. The azimuthal orientation of the Cu(111) surface was
determined through the diffusion direction of 2H-TPP along the (110) high-symmetry crys-
tallographic axes at RT.[

Figure S1: Average frame of an STM movie (15 consecutively recorded images) of Cu-
TCNPP, deposited and measured at RT (27.5 X 27.5nm?, Upjas = -1V, L = 28.8pA). A
mobile metal-free 2H-TCNPP molecule diffusing along a high-symmetry crystallographic
direction of the Cu(111) surface is marked in red and by a purple solid oval.
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Figure S2: (a) The STM overview image (45 x 45nm?), acquired at RT after annealing at
450 K, shows the loss of 2D long-range order and the appearance of randomly distributed
individual molecules. (b) Magnified STM image of a single Cu-TCNPP molecule, which
shows the change in appearance from six to four pronounced protrusions promoted by the
annealing step (1.5 X 1.5nm?, Upias = -1V, Lt = 30.3pA).

Synthesis. All chemicals were purchased from Sigma-Aldrich®, Acros Organics®, Fluka®,
Fisher Scientific® or Alfa Aesar® and used without further purification. Pyrrole, benzalde-
hyde and solvents for chromatography were distilled prior to usage. HPLC solvents were used
for synthesis. Dichloromethane was distilled from K,CO;. High resolution mass spectrome-
try was performed on a Bruker maXis 4G UHR MS/MS or a Bruker micrOTOF II focus TOF
MS spectrometer. Microwave-assisted reactions were carried out in a Biotage®initiator
monomode microwave reactor and its respective vials. Standard stirring rate was 600 rpm,
fixed hold time (FHT) was on, and no external cooling was applied.

The free-base porphyrins were synthesized as reported earlier.®* The metalation of the
porphyrins was done by the following general procedure: The free-base porphyrin was dis-
solved in CHCI,; and stirred at room temperature. A saturated solution of Cu(OAc), in
CH;0OH was added. The mixture was stirred overnight at room temperature. The solvent
was removed under reduced pressure. The crude product was purified by plug filtration
(Si0,, diameter: 3.5cm, length: 7cm, CH,Cl,), yielding the metalated porphyrins as dark
red solids. For further details (yields, etc.), please see the corresponding product data below.
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CagH24CUNg
M = 776.32 g/mol

C46H26CUNg
M =726.30 g/mol

Cu-TCNPP

The free-base porphyrin (0.040 g; 0.056 mmol) was
dissolved in 10 mL CHCIl;. 10 mL of the saturated solution
Cu(OAc), in CH;OH were used.

Yield: 80 % (0.035g; 0.045 mmol)

HRMS (APPI, ACN/CH,Cl,): m/z calc. for
CygHpsCuNg [MT]: 775.1414; found: 775.1419

Cu-cisDCNPP

The free-base porphyrin (0.010g; 0.015 mmol) was
dissolved in 3mL CHCI;. 3mL of the saturated solution
Cu(OAc), in CH;0OH were used.

Yield: 100% (0.011g; 0.015 mmol)

HRMS (APPI, ACN/CH,Cl,): m/z calc. for
CyeHosCuNg [M*]: 725.1509; found: 725.1508
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Figure S3: High-resolution mass spectra of Cu-TCNPP. Measured (top) and calculated
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Figure S4: High-resolution mass spectra of Cu-cisDCNPP. Measured (top) and calculated

(bottom) isotope pattern of the molecular ion peak.
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DFT Calculations

Spin-polarized DFT calculations were performed with the periodic plane-wave code PWscf of
the Quantum Espresso software package. ®) The gradient-corrected PBE exchange-correlation
functional of Perdew, Burke and Ernzerhof,!® Vanderbilt ultrasoft pseudopotentials,”) and
a plane-wave basis set with a energy cutoff of 30 Ry were used. Dispersion corrections to
PBE energies and forces were included by our D3*"f scheme.®! D3*" is an extension of

10.11] "in which the parameter set of

the original D3 method proposed by Grimme et al.l
coordination-dependent Cg coefficients is extended by additional values for the substrate

atoms at higher coordination numbers of the surface and bulk atoms. 5]

Cu(111) surfaces were represented by periodically repeated slabs with a thickness of three
atomic layers. The calculations for single, non-interacting porphyrin molecules were done
with a hexagonal (10x 10) surface unit cell (300 Cu atoms). (7+v/3x7v/3)R30° (441 Cu atoms)
and (8v/3 x 8v/3)R30° (576 Cu atoms) unit cells containing three porphyrin molecules were
used in the studies of porous hexagonal honeycomb-type adsorbate layers. The calculated
PBE+D3*"! bulk lattice constant of Cu of 3.606 A was chosen for the lateral extensions
of the slabs. The atoms in the Cu bottom layer were kept fixed, and only the two upper
layers together with the adsorbate were relaxed in the geometry optimizations using a force
convergence threshold of 3 meV/ A. Well-converged structures and adsorption energies were
obtained with a (2,2,1) Monkhorst-Pack k-point mesh together with a Gaussian smearing

with a smearing width of 0.02 Ry.[?!

In the calculation of the energy profile (the potential energy surface for Cu-TPP dis-
placement and diffusion), the lateral coordinates of the Cu atoms were kept fixed at their
ideal positions and only the vertical coordinate was relaxed for the different porphyrin po-
sitions. At each point of the energy profile, the lateral coordinates of the central Cu atom
of the porphyrin molecule were constrained to the respective value and all other coordinates
(including the distance of the Cu atom from the surface) were relaxed.

1) Adsorption Site of CN-Functionalized Cu Porphyrins on Cu(111)

In the gas phase, Cu porphyrins adopt the saddle-shape conformation with Doy symmetry:
two opposite pyrrole rings are tilted up, the other two are tilted down. This alternating up
and down tilt of the pyrrole rings is accompanied by an alternate left and right rotation of
the outer phenyl units. The ruffled geometry with S; symmetry, in which the pyrrole rings
are not tilted but rotated alternately to the left and to the right, is slightly higher in energy.

To entangle the interaction of the porphyrin core with the Cu surface from the site-specific
adsorption of terminal CN groups, we determined first the preferred adsorption site for Cu-
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TPPs without cyano functionalization. Four different adsorption sites were probed, with
the central Cu atom of the porphyrin sitting on-top of a surface Cu atom, above an fcc or
hep hollow site, and for a bridging position. Furthermore, two orientations were considered:
either the two downward- or the two upward-tilted pyrrole rings were aligned along the
main [110]-direction, i.e., the densely-packed Cu rows. Both orientations are related to each
other by rotating the Cu-TPP by 90° or by flipping the Cu-TPP upside down. The global
energy minimum is found for the bridge position and the orientation with the downward-
tilted pyrrole rings along the Cu rows (see Figure Sha). This orientation is in agreement with
the observed appearance of the Cu porphyrins in STM: the downward-tilted pyrrole rings
give rise to a dark line along the Cu rows, whereas the upward-tilted pyrroles perpendicular
to the Cu rows together with the four phenyl rings are seen as three bright protrusions
above and below the dark line (see Figure2c in the manuscript). As binding energy of
single Cu-TPPs on Cu(111) we obtain a value of 3.39eV. This is only slightly smaller than
the binding energy of 3.58 eV for free-base 2H-TPPs on Cu(111) with inverted adsorption
geometry 12 (calculated by the same PBE+D3*® approach). The binding site and the
molecular orientation of Cu-TPP on Cu(111) are mainly determined by the position of the
central N atoms. Figure S5a shows that all four nitrogens are above substrate Cu atoms, with
a better match for the two N atoms of the upward-tilted pyrrole rings. Furthermore, these
two N atoms are slightly below the central Cu atom of the porphyrin (thereby reducing the
distance to the Cu atoms of the surface), whereas the two N atoms of the downward-tilted
pyrroles are slightly above. A rotation of the Cu-TPP by 90° inverts the up-down pattern
of the N atoms. This reduces the Cu-TPP binding energy by 0.15eV, which demonstrates
the importance of the N-Cu interactions. Of the other adsorption sites, the fcc and hep
hollow positions are unstable. The Cu-TPP molecules relax to the bridge position in the
geometry optimization (see FigureS6b). The on-top site is metastable and represents the
least favorable position for the Cu-TPP. Compared to the global energy minimum structure,
the binding energy is reduced by 0.35 and 0.14eV for the orientation with the downward-
tilted pyrrole rings parallel and perpendicular to the Cu rows, respectively.

After having identified the preferred surface site for the Cu porphyrin core, we now add
terminal CN groups. Previous DFT calculations have shown that HCN molecules bind with
their N-side exclusively to on-top positions of the Cu(111) surface; when the D3 dispersion
correction is not included in the DFT calculation, fcc, hep and bridge sites are repulsive.
We start from the global optimum structure of the non-functionalized Cu-TPP molecule
(see Figure Sha) and add four CN groups. As shown in Figure S6a, the CN groups nicely
point toward the Cu atoms of the surface. In the subsequent geometry optimization the CN
groups just bend down and establish their favored CN-Cu contact (see Figure S6b) with a
N-Cu distance of 2.07 A. Thus, having the porphyrin core at its most favorable adsorption
site automatically guarantees that also added terminal CN groups can bind to the Cu surface
in their preferred binding mode.

Figure S7a shows the relaxed structure when only two CN groups are added to the Cu-
TPP. Here the porphyrin core is slightly pushed out of its preferred bridge site by about 0.4 A.
Obviously, the match between the position of the terminating CN groups and the surface
Cu atoms is good, but not perfect. The energy landscape for shifting a Cu-TPP out of its
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bridge site along the mirror symmetry plane (see Figure S5b) has a sinusoidal shape. The
energy cost for a displacement of 0.4 A is only about 0.03eV. However, as a consequence of
this small mismatch we have to expect that the Cu-TCNPP with four terminal CN groups,
which has to stay in the bridge position, is slightly strained. Indeed, this is seen when
we analyze the binding energies (see TableS1). The binding energy of the Cu-cisDCNPP
molecule is 0.21eV larger than for the non-functionalized Cu-TPP. We can attribute this
gain of binding energy to the interaction of the CN groups with the surface. Taking into
account that we have ”lost” 0.03eV in binding energy by displacing the porphyrin from
the ideal bridge position, we can assign an interaction energy ECN of about 0.12eV to each

int
CN-Cu contact. Based on this value for ESN we would expect an increase in binding energy
of 0.48 eV for the Cu-TCNPP with its four CN groups. However, from the DFT calculations
we only obtain 0.40eV. The small difference of about 0.08 eV is the strain energy, which is
induced by the requirement that now all four CN groups connect to on-top Cu sites and the

porphyrin core has to remain strictly in the bridge position.

Finally, we turn to the Cu adatoms. They occupy the fcc and hcp hollow sites on the
Cu(111) surface. According to our DFT calculations their formation energy

Cu-ad __ rCu-ad Cu(111) Cu
Ef — Hslab Eslab - Ebulk

is about 0.82eV for both sites. ES%2d and Eg;élll) are the total energies of a Cu(111) slab
with and without a Cu adatom and ECY, is the energy of a Cu bulk unit cell. Figure S6c
shows an initial structure derived from the relaxed Cu-TPP molecule with ad hoc added CN
groups and Cu adatoms. As in the case without adatoms, a very good geometrical match
can be seen. In the geometry optimization the CNs readjust and establish a firm contact to
the Cu adatoms with a N-Cu distance of 1.89 A (see Figure S6d). Several other positions
of the Cu adatoms were considered in the calculations, but they were all less favorable.
Figures STb+c show the relaxed structures for Cu-cisDCNPP and Cu-TCNPP when only
two Cu adatoms are attached. In the case of Cu-cisDCNPP in Figure S7b, no displacement
of the porphyrin core from the bridge site is visible, i.e., the geometrical match between the
terminal CN groups and the adatoms is perfect and no strain is induced. On the other hand,
for Cu-TCNPP in Figure S7c, the CN-Cu contact to Cu atoms of the terrace induces a small
shift of the porphyrin toward the Cu adatoms.

For all structures with Cu adatoms the porphyrin binding energy was calculated according
to
Eb — Es(f;lélll) 4 N;Sju Eﬁﬁk + Eporph _ Eporph/Cu—ad

mol slab ’

which includes the energy that is required to form the Cu adatoms.!) NS is the number
of Cu adatoms in the structure and EP”P" is the gas-phase energy of the porphyrin. The
calculated porphyrin binding energies with and without Cu adatoms are surprisingly similar
(see TableS1). This means that the stronger interaction of the CN groups with the Cu
adatoms almost exactly compensates the energy cost of creating the adatoms. However,
the binding energies of the structures with adatoms are systematically smaller by a small
margin. This means that the adatom structures with single molecules are thermodynamically
unstable and should decompose into adsorbed molecules on the terrace and condensed Cu

atoms at zero temperature unless hindered by kinetic effects.
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Figure S5: (a) Side and top view of the relaxed structure of a single Cu-TPP molecule on
Cu(111) at its most favorable adsorption site. The saddle shape of the porphyrin is visible.
The downward-tilted pyrrole rings (with slightly higher N atoms) are oriented along the
densely-packed Cu rows. The black dashed line indicates the mirror symmetry plane. Cu,
C, N and H atoms are shown in yellow, black, blue and white, respectively. The same color

code is used in all figures. (b) Energy profile for the shift of Cu-TPP along the mirror
symmetry line.
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(a) Cu-TCNPP - initial (b) Cu-TCNPP - final

Figure S6: Side and top views of a single Cu-TCNPP molecule on Cu(111), (a,b) without and
(c,d) with Cu adatoms. (a,c) show the relaxed structure of Cu-TPP from Figure Sha with ad
hoc added CN groups. The porphyrin core is at its preferred adsorption site, simultaneously
all CN groups point to a Cu on-top site or can easily connect to a Cu adatom. The final
structures after geometry optimization are shown in (b,d).
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(a) Cu-cisDCNPP (b) Cu-cisDCNPP

Figure S7: Side and top views of the relaxed structure of a single (a,b) Cu-cisDCNPP and
(¢) Cu-TCNPP molecule on Cu(111) without (a) and with two Cu adatoms (b,c). The
mirror symmetry is preserved in all structures. If CN groups bind to the Cu substrate, the
porphyrin core is slightly pushed out of its favored bridge position (a,c), whereas binding to
Cu adatoms does not have this effect (b).
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Table S1: Calculated binding energy F, of single, well-separated Cu porphyrins on Cu(111).
APFE, is the change in binding energy with respect to non-functionalized Cu-TPP. ECN is the

int

interaction energy per terminal CN group with the Cu surface (first entry: with Cu atoms of

the terrace, second entry: with Cu adatoms). Except where otherwise noted, ESY

ot 1S given
by AEy, divided by the number of CNs. Ad is the displacement of the porphyrin out of the

bridge position.

Porphyrin E, (eV) AE, (eV) ECN (eV) Ad (A)
Cu-TPP 3.39 -
Cu-cisDCNPP +0.21 +0.120 /- — 0.42
Cu-TCNPP +0.40 +0.1001 /0 — -
Cu-cisDCNPP + 2 Cuygq +0.05 — / +0.02 —
Cu-TCNPP + 2 Cuggq +0.30 +0.120 / +0.03  0.27
Cu-TCNPP + 4 Cuyg +0.13 - /+40.03 —

[a] An energy cost of 0.03eV for the porphyrin displacement from the bridge site is included
[b] The strained state of the molecule is not taken into account
[c] The same value as for Cu-cisDCNPP is assumed; the remaining part is divided by 2
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2) Details on Molecule-Molecule Interactions on Cu(111)

(C) Central pore

Figure S8: Relaxed structure of three Cu-TPPsin a (7\/5 X 7\/§)R30° unit cell of the Cu(111)
surface (structure 1). (a) shows an overview of the porous honeycomb-type pattern. The
unit cell is indicated by black solid lines. (b) and (c¢) are enlarged cutouts focusing on
the triangular contact at the rim (thin red lines) and the pore structure (thin gray lines),
respectively. Both have a 3-fold symmetry axis in their center.
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d) Cu-TCNPP with 4 CN groups

Figure S9: Stepwise addition of CN groups to the ficticious porous honeycomb-type structure
of three Cu-TPP molecules in a (7v/3x 7+/3)R30° unit cell of the Cu(111) surface. (a) without
CN groups (structure 1), (b) with CN groups at the rim (structure 2), (c) with CN groups at
the pore (structure 3), and (d) with four CN groups (structure 4). The unit cell is indicated
by black solid lines.
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(a) (7v3 x 7V/3)R30°

Figure S10: Pore structure motif with Cu-cisDCNPP molecules in (a) a (7+/3 x 7v/3)R30°
(structure 3) and (b) a (8v/3 x 8v/3)R30° unit cell. In the smaller cell, both pore and rim
contact are fully established. In the larger cell, the pore can be opened by shifting the
porphyrin molecules gradually outwards, thereby closing simultaneously the rim contact. A
sequence of the shift, together with the change in the binding energy per molecule, is shown
for an enlarged cutout (c-e) of the triangular rim contact and (f-h) of the pore structure. No
significant molecule-molecule interactions are present.
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(b) (83 x 8v3)R30°

Figure S11: Pore structure motif with Cu-cisDCNPP molecules and Cu adatoms in (a) a
(7v/3 x Tv/3)R30° (structure 5) and (b) a (8v/3 x 8v/3)R30° unit cell with closed and open
rim contact, respectively. (c,d) are enlarged cutouts of the pore region. In the smaller unit
cell with closed rim contact, the binding energy per molecule is larger by 0.14eV than for
the larger cell with open rim. This is an independent, second estimate for the strength of
the molecule-molecule interaction across the rim in the densely-packed configuration (see
Table 1 in the manuscript).
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Figure S12: DFT-optimized structure of the porous honeycomb-type network of Cu-
cisDCNPP porphyrins on Cu(111) (structure 5). The (7v/3 x 7v/3)R30° unit cell with
three porphyrin molecules is shown by black solid lines.
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Figure S13: DFT-optimized structure of the porous honeycomb-type network of Cu-TCNPP
porphyrins on Cu(111) (structure 6). The (7+/3 x 7v/3)R30° unit cell with three porphyrin
molecules is shown by black solid lines.
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Abstract

We studied the adsorption and reaction behavior of the ionic liquid (IL) 1,3-dimethylimidazolium bis[(trifluoromethyl)
sulfonyl]Jimide ([C,C,Im][Tf,N]) on Cu(111) using non-contact atomic force microscopy (nc-AFM), scanning tunneling
microscopy (STM), and angle-resolved X-ray photoelectron spectroscopy (ARXPS) in ultrahigh vacuum as a function of
temperature, supported by density-functional theory (DFT) calculations. Our nc-AFM results for sub-monolayer IL films
show that at 200 K, the IL self-assembles into highly ordered islands, with cations and anions arranged next to each other in
a checkerboard—type phase. After extended annealing at 300 K, the structure transforms first to a hexagonal phase and then
to a porous honeycomb phase. Simultaneously, many small, disordered islands are formed. Complementary ARXPS reveals
no IL desorption until 300 K. However, a significant fraction of the IL is converted to a new species as deduced from new,
strongly shifted peaks that develop in the XP spectra at around 275 K and grow with annealing time at 300 K. We correlate
the remaining unshifted peaks to the ordered phases observed in nc-AFM and the shifted peaks to decomposition products,
which appear as disordered islands in nc-AFM and STM. Upon further heating to 360 K, about 50% of the anions or their
decomposition products desorb from the surface, while cation-related fragments mostly remain on the surface. From DFT,
we obtain additional information on the structure of the ordered phases and the interaction of the IL with the substrate.

Keywords [C,C,Im][Tf,N] - Ionic liquids - Cu(111) - Non-contact-atomic force microscopy (nc-AFM) - Scanning
tunneling microscopy (STM) - Angle-resolved X-ray photoelectron spectroscopy (ARXPS) - Density functional theory
(DFT) calculations

1 Introduction [2, 6]. Examples are thermal storage [7, 8], electrochemi-

cal applications [9], homogeneous catalysis [1, 2, 10, 11],

Tonic liquids (ILs) are composed of molecular ions and have
attracted a lot of attention recently because of their unu-
sual properties, such as a wide temperature range of liquid
phase, electrochemical stability, very low vapor pressure
at room temperature (RT), good ionic heat capacities, and
potential as green solvents [1-5]. These properties render
them good candidates for applications in a variety of fields
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dye sensitized solar cells [12], lubrication [13—15], fuel cell
[16], nuclear energy utilization [17], biomedical sphere [18],
and even telescope construction [19] to name only the few.
Furthermore, by tailoring their properties with different
functional groups one obtains task—specific reaction media
[4, 20]. Their specific properties are governed by a com-
plex combination of van der Waals, (unscreened) Coulomb,
dipole, and hydrogen bonding interactions, which seldom
occur together in other materials [21].

ILs are particularly interesting for catalytic applica-
tions. Two concepts have been developed and introduced,
that is, the supported ionic liquid phase (SILP) approach
[10, 22-24] and the solid catalyst with ionic liquid layer
(SCILL) approach [24, 25]. In SILP, an IL film containing
dissolved transition metal complexes is coated onto a porous
support, whereas in SCILL a thin IL film is coated onto the
active metal surface of a heterogeneous catalyst [24]. Both
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SILP and SCILL systems are already in use commercially
[26-28]. For example, Petronas employs a SILP system to
capture mercury (Hg) from natural gas [29], while Clariant
employs SCILL systems for the selective hydrogenation of
unsaturated hydrocarbons [30].

In many applications, the interface of the IL with its envi-
ronment, that is, IL—support [31, 32] and/or IL-vacuum(gas)
interfaces, plays a crucial role [33]. The ultimate design, pre-
cise control, and understanding of the structural features of
ILs at interfaces open the door to manifold applications in
batteries, nanoscale tribology, electrical double—layer capaci-
tors, and other fields. In energy storage devices such as lith-
ium ion batteries, a thorough understanding of ionic behavior
at the interface is required to understand the formation of the
solid—electrolyte interphase. The noble metals gold, silver
and copper are essential materials for such energy storage
devices. Cu has been used as a current collector in lithium
and sodium ion batteries (see ref [34] and references therein).
Thus, understanding the nature of the interaction between an
IL and the substrate promises a more controlled design and
use of ILs for particular applications. This demand resulted
in studies of IL—metal interfaces both in situ, under electro-
chemical conditions [31, 32], and ex situ, under ultraclean
ultrahigh vacuum (UHV) conditions [35, 36]. Detailed infor-
mation on the IL/substrate interface, obtained mostly by
angle resolved X-ray photoelectron spectroscopy (ARXPS)
and scanning tunneling microscopy (STM) on well-defined
single crystal surfaces in UHV, can be found in a review
article by Lexow et al. (see Ref. [36] and references therein),
and in a number of earlier reviews, which also include data
from ultraviolet photoelectron spectroscopy (UPS), inverse
photoelectron spectroscopy (IPES), in addition to ARXPS
(see Refs. [11, 35, 37-39] and references therein).

Most of the studies by ARXPS and/or STM have been
done on inert single crystal surfaces such as Au(111) or
Ag(111) [36, 40—-42]. In nearly all cases, the formation of
a wetting layer was observed, with both anions and cations
adsorbed in a checkerboard-like structure in direct contact
to the surface. This structure was initially derived from
ARXPS, but was later on confirmed by molecularly resolved
STM measurements at temperatures well below room tem-
perature. The detailed structure and also stable imaging
temperature thereby depended on the particular IL and the
substrate. Quite recently, the experimental methods were
complemented by non-contact atomic force microscopy
(nc-AFM). Meusel et al. demonstrated for [C,C,Im][Tf,N]
on Au(111) that with variable temperature nc-AFM highly
ordered structures can even be resolved at room temperature
and above [43, 44]. At low temperature, they observed the
coexistence of a stripe phase and a hexagonal phase—with

single molecule thickness—for the first layer on the surface.
In this previous study, the individual anions in the wetting
layer were identified from their larger height as compared
to the flat-lying (and thus invisible) cations [43]. A stripe
phase was also resolved for coverages in the multilayer
range, where the growth proceeds through bilayer forma-
tion, demonstrating the layer-by-layer 2D growth of this IL
on the very inert Au(111) surface [44]. Moreover, for cer-
tain substrate temperatures, upon deposition metastable 3D
droplets were initially formed on top of the wetting layer,
which converted into the 2D bilayer structure over time [45].
The aim of this study was to move on to the more reac-
tive Cu(111) surface and investigate the adsorption, thermal
evolution and possible reactions of [C,C,Im][Tf,N] on this
surface in order to determine potential differences to the
Au(111) surface. This topic also appeared quite interesting
to us, since in literature there are two studies for related
systems, that is, by Biedron et al. for [C{C,Im][Tf,N] on
Cu(100) [46] and by Uhl et al. for [BMP][Tf,N] on Cu(111)
[47]. Interestingly, the results seemed to be in conflict
with each other, but based on our study a reinterpretation
of the data on Cu(111) leads to a consistent picture. We
performed our study using in situ ARXPS (100-800 K)
and variable temperature nc-AFM/STM (100-350 K).
The scheme at the top of Table 1 shows the chemical and
molecular structure of [C;C,Im][Tf,N]. The nc-AFM/STM
studies with sub—molecular resolution were performed for
coverages around 0.15 monolayer (ML) of ion pairs, which
corresponds to 30% of a full wetting layer (=0.30 WL) of
[C,C,Im][Tf,N] on Cu(111). To obtain complementary
information, ARXPS measurements were performed for 0.3
and 0.5 ML. In addition, DFT calculations provide comple-
mentary insight into the structure and the bonding situation
of the IL adlayer. To the best of our knowledge, this is the
first time that individual ion pairs have been resolved and
identified in an IL adlayer on Cu(111) using nc-AFM.

2 Experimental

The ionic liquid [C,C,Im][Tf,N] was either bought from
IoLiTec (used in the XPS measurements) or synthesized
under ultra-clean conditions described in a previous publi-
cation [48] (used in the nc-AFM/STM measurements). It was
thoroughly degassed under ultrahigh vacuum (UHV) prior to
deposition to remove volatile impurities. In the literature, the
cation [C,C,Im]" is also known as [MMIm]* [49], and the
anion [Tf,N]™ as [NTf,]™ [50] or [TFSA]™ [51]. The scan-
ning probe microscopy (SPM) and the ARXPS experiments
were performed in two separate UHV systems. In both, the
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Table 1 Different structures and the corresponding unit cell parameters and unit cell areas, as obtained from nc-AFM and STM

N

\—/

Structure

\N/@_}\ 7

p

Unit cell parameters

© cF £
NN k 5
/A\ 1A\ \- w
Oo 0O o
Matrix notation Unit cell Ion pair density (p) [ion pairs/

area [nm?] nm?]

Checkerboard—-type (nc-AFM)

Hexagonal-type (nc-AFM)

Honeycomb-type (nc-AFM)

Honeycomb-type (STM)

[d|=1.90+0.08 nm
16|=0.90+0.05 nm
7=90+3°

[d|= b]=2.35+0.08 nm
y=60+4°

[d|=I b|=2.35+0.08 nm
y=60+4°

pore diameter ~2 nm
|d|=I b|=2.36+0.08 nm
y=60+4°

pore diameter ~2 nm

[ 6 2 1.71 1.17
[ -3 4
y=92.2°
(8 2] 4.78 1.26
[ -2 10 |
7=60°

478 1.05
S
-2 10
* - 4.82 1.04
7=60°

Also given are the unit cell area and the ion pair density, p; for details see text. On top of the table the chemical and molecular structure of
[C,C,Im][Tf,N] is depicted together with height of the cation (~0.3 nm) and anion (~0.5 nm); grey: C, white: H, blue: N, red: O, yellow: S, and

green: F

clean Cu(111) surface was freshly prepared prior to each
IL deposition using sequential cycles of Ar* ions bombard-
ment (0.6 to 1 keV) at room temperature followed by a final
annealing step at 800 to 900 K for approximately 10 min
and consecutive cooling to the desired temperatures. The IL
was deposited by physical vapor deposition (PVD) onto the
substrate held at different temperatures as denoted using a
home-built Knudsen cell [52] with the crucible temperature
of 385-398 K. To ensure stable and reproducible evapora-
tion rates, the IL adsorbate flux was monitored with a quartz
crystal microbalance (QCM). IL coverages are denoted in
ML, where 1 ML corresponds to a complete layer of verti-
cally rented ion pairs. In case of a checkerboard structure
with anions and cations adsorbed next to each other in direct
contact to the surface, this coverage corresponds to 0.5 ML,
which is also denoted as 1 WL (wetting layer).

The variable temperature nc-AFM and STM measure-
ments were carried out in a two-chamber UHV system, using
a Scienta Omicron VT-AFM-Q + -XA microscope, with a
base pressure in the low 10! mbar range [43]. Following IL
deposition on the sample in the preparation chamber, it was
then quickly transferred to the pre-cooled AFM/STM sample
stage in the analysis chamber at 110 K for the measurements.
All AFM images were obtained in non-contact mode with

@ Springer

silicon cantilevers, and the applied frequency shifts Af in
the employed experimental conditions ranged from — 300
to — 650 Hz vs the cantilever's resonance frequency, which
is typically around ~ 270 to 300 kHz. The STM images were
obtained with a manually cut Pt/Ir tip in constant current
mode. The denoted bias voltages refer to voltages applied
to the tip relative to the sample potential. The nc-AFM/STM
images were processed using the WSxM software [53]. For
noise reduction, moderate filtering (background subtraction,
Gaussian smoothing) was applied.

The ARXPS measurements were performed in a two-
chamber XPS system, which has previously been described
in detail elsewhere [54]. The XP spectra were obtained using
a non-monochromated Al Ko X-ray source (SPECS XR 50,
1486.6 eV, 240 W) and a hemispherical electron analyzer
(VG SCIENTA R3000). For all spectra, a pass energy of
100 eV was used, yielding an overall energy resolution of
0.9 eV [54]. The spectra were quantitatively evaluated using
CasaXPS V2.3.16Dev6. For the Cu 2p;;, and the Auger-
LMM substrate signals, Shirley backgrounds were sub-
tracted and peaks were fitted with Lorentzian line shapes.
For the IL-related S 2p, C 1s, N 1s, O 1s and F 1s regions,
the positions and widths (fwhm) of the peaks were con-
strained (see Table S2 in the SI).
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3 Theory

First-principles DFT calculations were performed with the
VASP program package (Version 5.4.1) [55-57] using the
PBE exchange—correlation functional [58]. The projector

augmented wave method (PAW) [59] was used to take into
account the core electrons. An energy cutoff of 450 eV was
chosen for the plane wave basis. To describe the long-ranged
London dispersion interactions the DFT-D3 correction
scheme [60] was applied, and a Methfessel-Paxton smearing

@ Springer
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«Fig.1 nc-AFM (a-d) and STM images (e) of 0.15 ML [C,C,Im]
[Tf,N] on Cu(111), as overview (left, 1000x 800 nm?), close-up
(middle, 100 x 80 nm?), and with high resolution (right, 10x8 nm?).
a After annealing at 200 K for 7.5 h, ordered islands with a checker-
board-type structure and a nearly rectangular unit cell are observed;
the right image is an average frame of nine consecutively recorded
images. b After annealing at 300 K for 1 h, disordered small islands
coexist with large ordered islands with hexagonal structure. ¢ After
annealing at 300 K for~ 16 h, disordered small islands coexist with
large IL islands with a highly ordered porous honeycomb structure.
d After annealing at 350 K for 30 min, only small disordered islands
are found. e STM images following a different preparation route and
annealing at 300 K for~16 h (see text) display the same honeycomb
structure as seen in (c¢). The nc-AFM images were measured with
Af=— 400 or — 500 Hz, and the STM images with U,;, ;=2 V and
I,,, of 0.2 or 0.4 nA (for details, see Table S4 in the SI); the unit cells
are shown as dashed black lines; covered and uncovered areas are
denoted by blue and black dots, respectively. For more details see text

[61] with a broadening of 0.2 eV was included. A supercell
approach with four layers of Cu atoms was used to model
the systems, including a 20 A layer of vacuum separating
periodic images in z-direction. The experimental lattice
parameter of 3.58 A was used for the Cu bulk geometry. The
two bottom layers were fixed, while the top two layers were
relaxed during the optimizations. The geometry was opti-
mized until all forces were smaller than 0.01 eV/A. The

model for the checkerboard structure with a [ _63 i] super-

cell was calculated with a 2x4 X 1 and the larger hexagonal

8

-2 10
Gamma centered Monkhorst—Pack [62] k-point mesh.
Adsorption energies E_;, were calculated as total energy dif-
ferences between the clean surface unit cell E,,, plus the
energy of the ions in gas phase E_, + E,,, minus the total
energy of the combined system E
asE,,=E,+E,+E

structures with the 2 ] supercell with a 2x2 X 1

cat

— E|,. Therefore, higher adsorp-
tion energies correspond to higher stability. The reference of
the ionic liquid are the isolated ions in gas phase and not in
the liquid phase. Isolated ions in gas phase represent the
most simple and best defined reference. Furthermore, the
comparison of different adsorption structures is not affected
by the choice of the reference.

sys
cat surf

4 Results and Discussion

4.1 Atomic Force Microscopy and Scanning
Tunneling Microscopy

In a first step, we investigated the adsorption and reaction
behavior of 0.15 ML (=0.30 WL) of [C,C,Im][Tf,N] on
Cu(111) using nc-AFM. The layers were deposited with the
sample at 300 K. After deposition, the sample was imme-
diately transferred to the precooled nc-AFM stage at 110 K

@ Springer

within 7 to 10 min, in order to avoid the progress of poten-
tial chemical reactions (as it will be shown later, changes at
300 K only occur very slowly over several hours). Thereaf-
ter, nc-AFM images were first measured at 110 K, and then
the sample was stepwise-annealed for extended times to 200,
250, 300 and 350 K. After each annealing step, the sample
was quickly cooled back to 110 K to freeze the present state
for imaging.

Figure 1a shows the corresponding images after anneal-
ing to 200 K for 7 h 30 min. In the overview image (left), we
observe extended IL islands of various sizes (left image,
bright areas) at the steps and also on the terraces of the
Cu(111) surface; IL-covered areas and large areas of uncov-
ered Cu substrate are indicated by blue and black dots,
respectively. Notably, directly after cooling to 110 K, very
similar structures are observed, but with a smaller size of the
ordered islands and reduced resolution (see SI, Figure S1).
The IL islands are observed close to step edges from both
the ascending and descending sides of the step edges, imply-
ing that the steps are energetically favored adsorption sites
that serve as nucleation centers. The close-up in Fig. la
(middle) shows one representative large island connected to
a step edge. This island consists of a highly regular, close-
packed phase with only few defects, giving rise to a stripe-
like appearance. The high-resolution AFM image of one of
the islands in Fig. 1a (right) reveals that the close-packed
phase is characterized by molecular rows, that is, stripes
with a nearly rectangular unit cell (y =90 +3°), with lattice
vectors d (1.90+0.08 nm) and b (0.90£0.05 nm), and a unit
cell area 1.71 nm? (see Table 1). From the measured angle
of 6° between the unit cell vector @ and the substrate high

-34
superstructure, using standard matrix notation with a unit
cell angle of 92.2°. We propose that the unit cell contains 2
ion pairs, yielding a density of 1.17 ion pairs/nm”. This
analysis is based on the comparison to the low-temperature
checkerboard—type structures on Au(111), with one ion pair
per unit cell, and unit cell areas between 0.74 and 0.85 nm?
[43]. We assign the very bright oval protrusion (red ellipses)
and the two less bright protrusions (blue ellipses) to two
differently oriented anions, and the dark areas in between
(black ellipses) to the two cations; for more details, see DFT
results below. From this consideration, we conclude that the
anion to cation ratio is 1:1, that is, the ion pairs on the
Cu(111) surface remain intact and are arranged in a check-
erboard-type ionic surface tiling without dissociation, self-
assembling into stripes. We will address the details of the
structure together with the DFT calculations presented later
on.

In a next step, we annealed the deposited layer at 250 K
and then at 300 K. After annealing to 250 K for 45 min, we
again find images with a stripe structure, albeit with a lower

S . 6 2
symmetry direction, we derive a commensurate
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resolution of the image (see SI, Figure S2), which likely is
due to a different termination of the AFM tip.

After annealing to 300 K for 1 h, we observe a pro-
nounced transformation of the film structure, which is evi-
dent from the corresponding nc-AFM images in Fig. 1b. In
the overview image (left), large islands are found to coex-
ist with many small islands distributed all over the surface
(see also Figure S3 in the SI). The close-up image (middle)
reveals long-range order for the large islands, and disorder
for the small islands. In the high-resolution nc-AFM image
of one of the large islands in Fig. 1b (right), we observe
a hexagonal-type lattice with three bright longish protru-
sions (red ellipses) and three less bright protrusions (black
ellipses) per unit cell (dashed black rhombus); the protru-
sions in the unit cell have different orientation. The unit cell
lattice vectors dand b both have a length of 2.35+0.08 nm
with y =60+ 4°, resulting in a unit cell area of 4.78 nm?.
Assuming that each protrusion now represents an ion pair
(see thorough discussion below), we obtain six ion pairs
per unit cell. The resulting density of 1.26 ion pairs/nm? is
quite comparable to that of the stripe phase (see Table 1).
The absence of long range order for the small islands is also
evident from the high-resolution image shown in Figure S4
(left) in the SI.

After extended annealing to 300 K for 16 h, we see
another pronounced change in the structural order of the
adsorbed IL layer; see Fig. 1c. In the overview nc-AFM
image (left) we again find large islands coexisting with a
large number of small islands; the close-up image (middle)
shows a highly ordered honeycomb structure of the large
islands, while the small islands are again disordered (see
also Figure S4 (middle) in the SI). From the high-resolution
nc-AFM image of one of the large islands in Fig. 1c (right),
we conclude that the unit cell (dashed black rhombus) con-
tains two bright protrusions (red circles) and three less bright
protrusions (red dots); we again assume that each protrusion
corresponds to one ion pair. The lengths of the lattice vectors
G and b are again 2.35+0.08 nm with y=60+4°, resulting
in a unit cell area of ~ 4.78 nm?. Assuming five ion pairs per
unit cell (see below), we obtain a density of 1.05 ion pairs/
nm? (see Table 1). From the angle of 12° between the unit
cell vectors and the substrate high symmetry directions we

derive a -7 10

tion, with an angle of 60°, for the porous honeycomb mesh.
The pores of the honeycomb mesh have a diameter of
roughly 2 nm. Interestingly, the size of the unit cell of the
honeycomb structure is identical to that of the hexagonal
structure (that is, lattice vector lengths of 2.35 nm), within
the experimental uncertainty. Note that the honeycomb
structure can be obtained from the overall hexagonal struc-
ture by removing one bright protrusion (that is, one ion pair),
which results in the pore of the honeycomb structure. Thus,

superstructure using standard matrix nota-

the hexagonal structure can be seen as transition structure
from the stripe phase to the honeycomb phase upon anneal-
ing the IL layer at 300 K.

Upon further heating to 350 K, the long-range ordered
islands disappear, and only small, disordered islands are
observed; see Fig. 1d, which is particularly evident from the
high-resolution image (right). Interestingly, the appearance
of these small islands is very similar to that of the above
described small, disordered islands, which coexist with the
hexagonal and honeycomb structures at 300 K (see compari-
son in Figure S4 in the SI).

Notably, we also obtain the honeycomb structure fol-
lowing a different preparation and measurement route. In
contrast to the above-described preparation where the IL
was deposited at room temperature and quickly cooled
down to 110 K, we here deposited 0.15 ML (=0.30 WL)
of [C,C,Im][Tf,N] onto Cu(111) held at low temperature
(T <160 K), and measured at 110 K; here, the measure-
ments were performed by STM and not by nc-AFM. While
after adsorption at< 160 K and also after annealing up to
250 K (for 15 min) no ordered IL islands could be found
(see Figure S5 in SI), ordering is observed starting after
extended annealing for 3—16 h at 300 K. The corresponding
STM images after annealing for 16 h are shown in Fig. le.
The overview image (left) shows the surface homogeneously
covered with many small islands. When comparing these
STM images with the previous nc-AFM overview images
obtained after deposition at 300 K followed by immediate
cooling to 110 K and then annealing to 300 K (Fig. 1c), we
see much larger islands for the latter, which is attributed to
Ostwald ripening during deposition at 300 K. After anneal-
ing the < 160 K-deposited layer for 3—16 h at 300 K, we
observe again two distinctly different structures coexisting
on the surface: The close-up STM image in Fig. 1e (middle)
shows a large IL island with a well-ordered inner part sur-
rounded by a disordered rim; in addition, smaller disordered
separate islands are seen. The well-ordered inner part of the
large island displays the porous honeycomb structure with
few defects and additional species in some pores, as deduced
from their less-dark appearance. Figure le (right) shows the
high-resolution STM image of the center of the island, with
the primitive unit cell indicated by the dashed black rhom-
bus. The porous honeycomb-type adlayer again has a primi-
tive hexagonal unit cell. The lattice vectors @ and b have an
identical length of 2.36 +0.08 nm with y =60 +4°, resulting
in a pore diameter of ~ 2 nm. The unit cell (area of 4.82 nm?)
again contains two bright (red circles) and 3 less bright (red
dots) protrusions, giving a density of 1.04 ion pairs/nm?;
these parameters are identical to those observed using the
other preparation route and nc-AFM as imaging technique.
The comparison of the close-up images (middle) and high
resolution images (right) for the two preparation routes in
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Fig.2 Dependence of the Cu 2p substrate signal (full symbols
for 0° and open symbols for 80° emission) on IL film thickness for
[C,C,Im][Tf,N] on Cu(111) at 90, 200, 275 and 300 K. The film
thickness of each layer was calculated from the attenuation of the Cu
2p signal at 0°. The solid and long-dashed lines show the exponential
decay expected for a uniform increase in layer thickness for emission
angles of 0° and 80°, respectively [36], based on the inelastic mean
free path A of 3.0 nm for the Cu 2p peak; the short-dashed lines for
80° are the prediction for perfect 2D layer-by-layer growth (section-
wise filling of one layer of flat lying ion pairs after another, each with
0.5 ML coverage, see vertical lines). Up to 0.3 ML, very good agree-
ment of the 80° data with the short-dashed lines is found, indicating
the formation of a 2D layer; the fact that between 0.3 and 0.5 ML
somewhat larger values are found indicate a small deviation from per-
fect 2D growth. For larger coverages, pronounced deviations from 2D
growth are observed

Fig. 1 reveals a higher degree of order and less defects for
the deposition at 300 K followed by fast cooling to 110 K.

4.2 X-ray Photoelectron Spectroscopy
4.2.1 Growth Behavior

Complementing the local scanning probe microscopy data,
we also used XPS to follow the overall IL film growth. Fig-
ure 2 shows the attenuation of the normalized Cu 2p5), signal
I/ I upon deposition of [C,C,Im][Tf,N] at 90, 200, 275 or
300 K. After each deposition step, we measured the signals
at both 0° and 80° emission angle. Under the assumption
of perfect 2D growth, one can use the attenuation of the
Cu 2p substrate signal at 0°, I,/I, to calculate the mean
film thickness d of the IL layer. From this thickness, we can
then predict the attenuation at 80° for a two-dimensional
IL layer at this thickness: the short-dashed grey lines rep-
resent ideal layer-by-layer 2D growth behavior in 80° for
the WL (0.5 ML thickness) and another two layers on top
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(the long-dashed grey line represents exponential decay and
agrees with the short dashed lines for each completed layer,
e.g. at 0.5 ML; for details of this approach, see refs [36, 63].
A coincidence of the measured 80° data with the predicted
short-dashed lines reveals perfect 2D growth; 80° data fall-
ing above the lines indicate a deviation from layer-by-layer
growth towards island growth (3D growth). Focusing first on
low coverages/thicknesses up to 0.5 ML, the 80° data (open
symbols) in Fig. 2 fall on or close to the short-dashed line
until 0.3 ML, independent of temperature, indicating perfect
2D growth in this coverage regime. Interestingly, between
0.3 and 0.5 ML, all measured data systematically are slightly
above the calculated 80° curve, which is attributed to mod-
erate 3D growth. Such a behavior is rather unusual, since
2D growth of the first wetting layer up to 0.5 ML has been
observed for a wide variety of ILs on different metal sur-
faces, independent of the growth mode at higher coverages.
Examples are [C,C,Im][Tf,N] on Au(111) [64] and Ag(111)
[63], [C4C,Im][Tf,N] on Ag(111) [63] and Au(111) [64] or
[BMP][Tf,N] on Au(111) [41]. The formation of the first
flat wetting layer is commonly attributed to strong attrac-
tions of the ions towards the metal, e.g. by image dipoles.
Above 0.5 ML, the 80° data Fig. 2 fall well above the dashed
curve for ideal 2D-growth. This deviation is attributed to
island formation in the multilayer regime. Note that such
Stranski—Krastanov-type growth behavior is quite commonly
observed for ILs with short chains, e.g. for [C,C,Im][Tf,N]
on Ag(111) [63] or [C,C,Im][TfO] on Au(111) [36, 65].

4.2.2 Adsorption and Thermal Evolution

In order to understand the ongoing surface chemistry of
the IL in contact with the Cu(111) surface, we studied the
IL layer in the low-coverage regime, during deposition
and annealing by XPS. We performed measurements of
all relevant IL core levels at selected temperatures, which
are characteristic for the changes observed in nc-AFM, that
is, 200, 275, 300 and 360 K. We investigated two cover-
ages, namely 0.3 ML and 0.5 ML, which correspond to a
partly (0.6 WL) and a more or less fully closed (1.0 WL)
wetting layer, respectively; smaller coverages could not be
studied reliably, due to poor signal intensities. Neverthe-
less, the measurements should allow for a comparison to the
nc-AFM/STM measurements, which were performed for a
0.15 ML (=0.30 WL) coverage. XP spectra were measured
for all core levels at 0° emission angle (and additionally at
80° for 200 K). The corresponding S 2p, C 1s, N 1s, O 1s
and F 1s spectra are shown in Fig. 3 (0.5 ML) and Figure
S6 (0.3 ML), along with their fits. Data at 0° and 80° are
plotted in grey and blue, respectively. In addition, we also
measured the corresponding 0° spectra of a multilayer film
of 4.6 ML [C,C,Im][TF,N], deposited at 90 K, as reference;
these spectra are also included in Figs. 3 and S6 (bottom),
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0.5 ML [C,C,Im][Tf,N] on Cu(111)
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Fig.3 S 2p, C 1s, N 1s, O Is and F 1s spectra of 0.5 ML [C,C,Im]
[Tf,N] on Cu(111) from 200 to 360 K, along with the spectra for 4.6
ML obtained at 90 K as reference for the bulk IL (bottom). For each
denoted temperature, a new layer was freshly prepared and measured
under normal (0°) and grazing emission (80°; shown only for 200 K
in blue). For a better visualization, the 4.6 ML spectra are scaled

downscaled by the factor 0.2 for better visualization. The
quantitative analysis of the 0.5 ML spectra is provided in
Table 2, and that of the 0.3 ML spectra in Table S1.

We start with discussing the 0° spectra of the 4.6 ML
multilayer film at 90 K, as it represents the unperturbed
intact IL. The cation displays two distinct peaks in the N
Is and C 1s region. The C_, peak at a binding energy of
286.6 eV is assigned to the three carbon atoms of the imida-
zolium ring and the two carbon atoms of the methyl groups
attached to the nitrogen atoms. The N, peak at 401.7 eV
corresponds to the two nitrogen atoms in the imidazolium

down by a factor of 0.2. Grey peaks indicate the signals of the intact
IL, red peaks denote the peaks of the new species formed upon heat-
ing. In the C Is spectra a small contamination of the surface was
taken into account, as indicated exemplarily in the spectrum at 200 K;
in the F 1s spectra, the overlapping Cu g, signal was subtracted (for
more details, see experimental section and SI)

ring. For the [Tf,N]™ anion, the C,, peak at 292.8 eV and the

.n Peak at 688.8 eV are assigned to the carbon and the fluo-
rine atoms of the CF; group. The O, peak at 532.6 eV and
the S, 2p,, and 2ps,, duplet at 169.9 and 168.7 eV originate
from the oxygen and sulphur of the sulfonyl-group, respec-
tively, and the N, peak at 399.3 eV stems from the imidic
nitrogen. The composition of the 4.6 ML film in Table 2
is in good agreement with the nominal composition within
the experimental uncertainty (+ 10%), confirming that the
IL stays intact in the deposition process, in line with earlier
studies [36].
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Table 2 Quantitative analysis

of the composition of 0.5 ML Temperature San, sum Cam sum Ccal, sum Ncat, sum Nan, sum Oan, sum Fan, sum DY
[C,C{Im][TH,N] on Cu(111) Nominal 2 2 5 2 1 4 6 22
at different temperatures, as
derived from the XP spectra 360 K 0.9 0.7 4.1 1.9 0.3 2.0 35 133
shown in Fig. 3 at 0° (and for 300K, 1day 1.6 1.7 4.6 2.0 0.9 4.0 7.1 22.0
200 K also at 80°) emission 300 K 1.8 1.6 4.6 2.1 0.8 3.8 7.3 22.0
angle 275K 1.9 1.9 4.7 2.1 1.0 35 7.0 22.0
200 K, 80° 1.7 2.3 34 1.6 0.9 32 8.9 22.0
200 K 1.7 1.8 4.7 1.8 0.8 3.6 7.5 22.0
90 K 1.8 2.0 4.6 2.0 1.0 4.2 6.4 22.0
Bold value are nominal numbers, non-bold values are experimental data
Also given are the results for 4.6 ML deposited at 90 K and measured under 0° emission as reference for
the bulk IL. For quantification, the shifted (marked with asterisk) and the unshifted signals of the IL were
combined to provide the total atom number for each element
40 .0-5 ML [C,C,Im][TF;N] on Cu(111) o° 12000 )
o -3 since the 0.3 ML films are more prone to beam damage,
] | B 2 due to the longer measurement times required for the lower
3]
2 PO, Cu2p %- coverage. ) o
> b L e For 200 K, we address the spectra at 0° (normal emission)
= O ChpamXx441000 2 . .. . . .
| R - asy i £ and at 80° (grazm.g emission) in Fl.g..3 (Q.S ML) z.md Figure
.3 9 epea g S6 (0.3 ML), which allow for deriving information on the
Ty \ A e g e 1500 & stoichiometry as well as the orientation of the IL on the sur-
02600500 000000 % =R & a face. The 0° spectra are, apart from their lower intensities,
P e ee very similar to those of the multilayer. The only difference

1 I 1 e L 1 & 0
100 200 300 400 500 600 700 800
Temperature / K

Fig.4 Thermal evolution of the Cu 2p (open light grey circles), F 1s
(green diamonds) and C 1 s (dark grey squares for C,,, and dark grey
diamonds for Cy .omp) intensities during heating a 0.5 ML [C,C,Im]
[Tf,N] film on Cu(111). The IL was first deposited onto the sample
at 88 K via PVD; thereafter, XP spectra were recorded while heat-
ing with a linear heating rate of 2 K/min up to 600 K; after flash-
ing the sample eventually to 800 K for 5 min, a last data set was also
recorded. The intensity scale for the Cu 2p signal is given on the right
side and that of the F 1s and C 1s signals on the left. The symbols for
the corresponding F and C species represent the sums of the corre-
sponding unshifted and shifted (¥) intensities; note that in case of the
Caiion Tegion, only one broad peak could be used including the minor
carbon contamination (see also Fig. 3 and for further details, see text)

The spectra for 0.5 and 0.3 ML [C,C,Im][Tf,N] were
recorded for all IL core levels at temperatures, at which
we expected characteristic changes based on the thermal
evolution observed in Fig. 1 and also Fig. 4 (see below);
the full data set required ~90/130 min for all core levels of
the 0.5/0.3 ML films. To minimize the influence of beam
damage, always a new film was freshly prepared and meas-
ured at the indicated temperatures of 200, 275 and 300 K,
except for the 360 and 500 K films, which were deposited
at 300 and 200 K, respectively. Since the behavior is quite
similar, the data for 0.5 and 0.3 ML will be discussed
together. Thereby, the focus will be on the 0.5 ML films,
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is a small shift of some levels by up to 0.2 eV to lower bind-
ing energy, yielding the cation peaks C_, at 286.4 eV and
N, at 401.6 eV, and the anion peaks C,, at 292.8 eV, F,, at
688.9¢eV,0,, at 532.4 eV, N, at 399.2 eV, and the S,, duplet
at 170.0/168.8 eV (for 0.5 ML); for an overview of the bind-
ing energies see Table S2 in the SI. These small shifts are
attributed to more efficient screening due to the proximity
of the metal surface (final state effect). For the analysis of
the F 1 s region, the Cuy ,p Auger peak at 688.0 eV, which
overlaps with the F,, signal of the anion, has to be consid-
ered. This is done by using the Auger peak shape of the
clean copper surface, downscaling it according to the IL-film
related attenuation of the Cu 2p signal. By fitting the F 1 s
peak taking into account this downscaled Auger peak, we
obtain the correct number of F atoms in Table 2 (note that
at elevated temperatures, new species with shifted binding
energies appear as discussed below; in Table 2, only the
sum for each atom is given). The quantitative analysis of
the 0° spectra in Table 2 (0.5 ML) and Table S1 (0.3 ML)
yields atom numbers close to the nominal values within the
experimental uncertainty (+ 10%); the somewhat too large
value of the F 1 s signal is attributed to uncertainties in the
described Auger peak correction procedure. The very good
agreement of XPS quantification in 0° and IL stoichiometry
again is a clear indication that the IL adsorbs intact at 200 K.

From the quantitative analysis of the 80° spectra at 200 K
in Table 2 and Table S1, we gain insight into the orien-
tation of [C,C,Im][Tf,N] on the Cu(111) surface at this
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temperature as already done earlier for this IL on Au(111)
[64]: An intensity decrease at 80° as compared to 0° for cer-
tain IL signals of the two-dimensional WL indicates that the
corresponding atoms are close to the metal surface and are
attenuated by the atoms above, yielding lower than the nomi-
nal atom numbers. On the other hand, enhanced signals at
80° indicate that these atoms are near the vacuum, leading to
larger than nominal atom numbers at 80°. At 200 K, F,, ¢,
exhibits a larger than nominal atom number and O, ¢, a
lower than nominal atom number, indicating that the anion
is adsorbed with the oxygen atoms towards the copper sur-
face, while the CF; groups preferentially point toward the
vacuum, as it is often observed for ILs of this kind [36]. The
cation signals C, o, and N, ¢, are systematically attenu-
ated in 80° indicating that the imidazolium ring is closer to
the surface than the CF; groups of the anion. Overall, the
adsorption behavior at 200 K thus shows clear similarities to
that of comparable ILs on Ag(111) and Au(111) [36, 63, 64].
We therefore conclude also from the XPS data that [C,C,Im]
[Tf,N] exhibits the checkerboard arrangement at 200 K as it
is frequently observed for ILs, in which the anion and cation
adsorb alternately next to each other on the surface [36].

We next address the spectra at higher temperatures. At
275 K, new peaks start to appear (marked in red, with an
additional asterisk), at the expense of the original peaks (see
Figs. 3 and S6), which decrease in intensity. The new peaks
all exhibit pronounced shifts towards lower binding energies
relative to the peaks of the intact IL at 200 K (see Table S2
in the SI). The anion-related peaks are shifted by — 2.1 eV
for N* , —1.3eV for O*, , - 1.1eV for C*, — 0.7 eV for
F*,,and — 2.0 eV for S* , and the cation-related peaks by
—1.0eV for N*, and — 0.6 eV for C* . As already men-
tioned above, in the quantitative analysis in Tables 2 and S1,
only the sum of the shifted (*) and the pristine signals of the
IL is given (as indicated with subscript “sum”), in order to
provide the total amount for each element.

Upon deposition at 300 K and measuring immediately
afterwards, a further increase of the shifted signals and
decrease of the unshifted signals is observed in Fig. 3 for 0.5
ML (and in Figure S7 on larger scale), and in Figure S6 for
0.3 ML. This “signal conversion” is even more pronounced
when keeping the sample for one day at 300 K after deposi-
tion (without X-ray exposure to avoid any beam damage in
the meantime), and measuring afterwards. Notably, despite
the changes observed for the 275, 300 and 300 K (1 day)
spectra, the overall IL composition in 0° (sum of shifted and
unshifted signals) is still in good agreement with the nominal
values for both investigated coverages (cf. Tables 2 and S1).
Thus, no significant loss of individual atoms by desorption
occurs up to 300 K (minor deviations might be due to the
bad signal-to-noise ratio or indicate changes in ion orienta-
tion). The analysis of the XP spectra data for the 0.5 ML film
measured immediately after deposition at 300 K in Fig. 3

shows that 39 +15% of the original anion peaks at 200 K
are converted to the new N*, , O*,  C* . F* and S*
peaks. For the cation peaks, only a much smaller fraction of
10+2% is converted to N*_,, and C* .. After 1 day at 300 K,
the total coverage slightly decreased, and the degree of con-
version increases to 58 + 10% of the anions and 20 +2%
of the cations (with the total anion and cation signals still
agreeing with the nominal composition; see Table 2). Note
that for the 0.3 ML deposition series (see Figure S6), over-
all the same trend is observed as for the 0.5 ML discussed
here, with the conversion to the (*) species being, however,
more pronounced. Most likely, the apparently more reactive
situation in case of the 0.3 ML is related to increased beam
damage effects since longer measurement times are required
at the lower coverage regime to obtain reasonable signals.
As will be discussed in detail in the next section, we propose
that the unshifted anion and cation signals are due to intact
ion pairs on the surface, forming the well-ordered striped
phase at 200 K and the hexagonal and honeycomb phases at
300 K. On the other hand, the shifted signals are related to
species within the disordered small islands, where cations
and anions have partially reacted/decomposed at the copper
surface into non-volatile fragments. The smaller fraction of
shifted cation signals (as compared to the larger amount of
shifted anion signals) is possibly related to the fact that some
of the cation fragments still exhibit binding energy values
close to the original peaks in contrast to the anion ones (see
next section for more details).

At 360 K, the pristine IL signals have virtually disap-
peared, and only the shifted signals are left (Figs. 3 and S6).
In particular, the total amount of C (@) F and

San.sume that is, all elements involved in the aIiion, is feduced
to~50% compared to the starting point (see Tables 2 and
S1). The halving of the anion signals between 300 and 360 K
is a strong indication for the desorption of anions or frag-
ments of anions. Notably, this is in line with the in situ tem-
perature-programmed XPS (TPXPS) experiment in Fig. 4
(see below), which also shows a drop of ~50% starting from
300 K in the F,, signal (as representative for the whole
anion). Simultaneously to the decrease of the total anion
intensity, we observe the total conversion of the remaining
cation signals C,, and N, to the C, * and N, * species (at
lower binding energies by — 0.6 and — 1.0 eV, respectively)
along with a small intensity decrease, indicating that also the
cation coverage is affected by the ongoing surface processes.
Note that this situation at 360 K is likely to represent the one
at 350 K in Fig. 1d, where only small disordered islands are
observed in nc-AFM (for the initial coverage of 0.15 ML). At
500 K, all anion-derived signals have completely vanished
(not shown), and only residual carbon and nitrogen species
(with an approximate atomic ratio C,: N,,,=5: 1) remain

res*
at the copper surface. Moreover, an additional S 2p duplet

an,sum’
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at 162.4/161.6 is observed at 500 K, which is attributed to
atomic sulphur as a remaining decomposition product.

To follow the thermal evolution of the wetting layer more
closely, we deposited 0.5 ML of [C,C,Im][Tf,N] on Cu(111)
at 88 K and subsequently heated to 600 K with a linear
heating ramp of 2 K/min while performing temperature-
programmed (TP)-XPS at normal emission. To minimize
beam damage, we restricted our analysis to three core levels:
Along with the Cu 2p substrate signal (to follow the overall
film thickness), we measured only C 1 s and F 1 s spectra.
After the ramp was finished, we recorded an additional data
set after flashing to 800 K to look for further changes. Fig-
ure 4 depicts the quantitative analysis of the Cu 2p substrate
signals, the total F 1 s signals F, ¢, (=F,,+F,,*), and the
C 1 s signals of the anion carbon C, ¢\, (=C,,+C,*) and
cation carbon C_,,  (note that due to the reduced signal-to-
noise ratio in this TPXPS series, a clear discrimination of
C..o C.r® and at higher temperatures residual carbon was
impossible and we thus provide only the total amount using
one broad peak for fitting this binding energy range); car-
bon intensities have been multiplied by factor four for bet-
ter visualisation. All signals show characteristic intensity
changes with temperature, which are in line with the data in
Fig. 3. The F ¢, signal stays constant from 100 to~300 K
at~28 keps. At higher temperatures, it decreases by about
50% to reach a plateau at~ 13 kcps at around 400 K, and
finally drops zero at around 500 K. The C,, ., signal shows
the same change with temperature, which indicates the
loss of CF;-groups in course of the reaction/fragmentation
discussed above. Note that the increase of the shifted F, *
and C,* signals at the expense of the unshifted signals is
also seen in the data of the TPXPS experiment (not shown),
similar to the observations in Fig. 3. In contrast to the anion
signals, the cation signal C_,, ,, shows much smaller changes
in intensity. It initially remains constant until 300 K at~ 18
kcps, and thereafter only slightly decreases to~ 15 keps at
370 K. After a plateau until 450 K, it finally drops to~ 8 kcps
between ~460 and 500 K, and then stays constant till 800 K;
note that the remaining residual carbon C 1 s peak at 500 and
800 K is much broader compared to the original C_, peak.

4.3 Comparison of nc-AFM/STM and XPS Results

When comparing the nc-AFM images in Fig. 1 and the XPS
data in Figs. 3 and S6, we can derive information on the
nature of the different surface species at the different tem-
peratures. At 200 K, the adsorbed IL is found in long-range
ordered islands, and the very small, disordered islands are
absent in nc-AFM. In this temperature range, XPS only
detects species with binding energies characteristic of the
intact IL. XPS thus corroborates our interpretation of the
microscopy data that at this temperature, namely that the
deposited IL forms ordered islands consisting of intact ion
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pairs regularly adsorbed next to each other in the checker-
board arrangement, giving rise to the stripe-like appearance
as discussed above. At 300 K, we observe the transforma-
tion of the stripe-like island structure first to the hexagonal
metastable transition phase and finally to the honeycomb
structure. At the same time, we also observe an increasing
number of small, disordered islands which coexist with the
long-range ordered hexagonal and honeycomb phases. Start-
ing at around 275 K, we also observe pronounced changes
in XPS, that is, a partial transformation of the original IL
peaks to new chemical shifted (*) peaks. The observed
chemical shifts range between 0.7 and 2.1 eV towards lower
binding energies for the anion signals and 0.6-1.0 eV for
the cation signals. They indicate a chemical reaction with
partial decomposition of the IL on the Cu(111) surface. As
the formation of the small disordered islands in nc-AFM is
observed in the same temperature region as the formation of
the new peaks in XPS, we conclude that the small disordered
islands are mainly formed by the products of this ongoing
reaction, while the remaining unshifted peaks originate from
the intact IL ion pairs within the large and well-ordered
islands. The small size of the disordered islands indicates
that the decomposed species are to some extent mobile on
the surface, which allow them to agglomerate into these
islands. Notably up to 300 K, no desorption of reaction prod-
ucts occurs, since the sum of IL- and IL*-signals does not
change within the margin of uncertainty of the experiments.
Upon heating to 350 K, in nc-AFM a complete conversion
to small disordered islands occurs, which in XPS goes along
with a complete disappearance of the unshifted peaks due
to conversion to the shifted peaks. In addition, ~50% of the
anion signals and 10-20% of the cation signals are lost due
to desorption of volatile species.

In the literature, two studies exist on related systems. Bie-
dron et al. performed a detailed comparative XPS, UPS and
STM study of [C4C,Im][Tf,N] deposited onto Cu(100) and
Au(111) at and above room temperature [46]. They observed
that on Au(111), the XPS binding energies of all IL peaks
of the layer in direct contact with the surface show only a
small uniform shift relative to multilayer spectra. In con-
trast on Cu(100), they observed that for the first layer, the
anion-related signals are shifted to lower binding energy by
—2.0eV for N*_, — 1.5 eV for O%,, — 0.8 eV for C*,,
— 0.6 eV for F*, and — 1.8 eV for S*,, as deduced from
their spectra (cf. Figure 6 of [46]; the positions of the cation
peaks were difficult to discern); these values agree to within
max. 0.3 eV with the values observed for the shifted peaks in
this study. At the same time, the stoichiometry corresponded
to that of an intact IL. Biedron et al. attributed these shifts to
a much stronger interaction of the intact IL with the Cu(100)
surface, which they also used to explain the more stable
imaging conditions at the monolayer coverages on Cu(100)
as compared to Au(111).
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The second study was performed by Uhl et al.
who deposited 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ([BMP][Tf,N]) on
Cu(111) at 80 K in the sub-monolayer range, also using
STM and XPS for characterization [47]. While up to 200 K
no changes were observed, annealing to 300-350 K yielded
pronounced shifts of the anion peaks towards lower bind-
ing energy by — 1.1 eV for C*,,, — 0.5 eV for F*, and
— 2.3 eV for S*,,, a decrease of oxygen by 60%, and in
addition the formation of atomic sulphur, indicating major
structural changes of the IL layer and partial decomposi-
tion of the anion at this temperature. The binding energies
of the shifted anion signals are similar to those found in
this study (deviations between 0.1 and 0.3 eV) and also for
[C4C,Im][Tf,N] on Cu(100) by Biedron et al. Interestingly,
Uhl et al. report essentially unaffected [BMP]* -related
signals at 300 K, which agrees with the dominance of the
unshifted [C,C,Im]* XPS signals of our study at 300 K as
shown in Fig. 3: slightly depending on annealing time and
initial coverage, only 10-20% of the pristine cation signals
are converted at this temperature, in contrast to the much
stronger conversion of anion signals.

Based on our results, we are now able to derive a compre-
hensive understanding of the two studies by Biedron et al.
and Uhl et al. and resolve apparent discrepancies [46, 47].
We propose that for all three investigated systems, that is,
[C5C Im][Tf,N] on Cu(100), [BMP][Tf,N] on Cu(111), and
[C,C,Im][Tf,N] on Cu(111) overall the same adsorption and
reaction behavior is observed, with some differences in the
reaction temperatures: For adsorption at low temperatures
(<200 K), the corresponding IL adsorbs intact and with
signatures typically observed for non-reactive surfaces like
Au or Ag, in terms of XPS binding energies and formation
of a checkerboard structure. Upon heating to or adsorption
at room temperature, a very similar behavior is observed in
XPS for the three systems studied that is, the [Tf,N]~ signals
exhibit pronounced shifts toward lower binding energies,
indicating that for all systems a similar conversion of mainly
the anion peaks occurs. In this first step, the cation signals
are not (or only moderately) affected. Based on our find-
ings and in contrast to what was proposed by Biedron et al.,
we assign the observed shifts of the anion peaks not to an
enhanced interaction of the pristine IL with the Cu surface,
but to a temperature-induced reaction, which progresses
with time at 300 K. Above room temperature, in a second
step most of the cation signals also show a pronounced shift,
while the shifted anion signals remain at the same binding
energy, but decrease by 50%. This behavior indicates decom-
position of the ILs and/or partial desorption of the ILs or
reaction products. After this step, no long-range order can
be detected in nc-AFM or STM.

At this point, we have to address the chemical nature of
the reaction products formed above 275 K in our sub-ML

studies of [C,C,Im][Tf,N] films on Cu(111). We attribute
the simultaneous formation of the new peaks observed in
XPS and of the disordered islands in nc-AFM to a reaction/
decomposition of the IL on the surface yielding new surface
species. These might be related to one (or to a combination)
of the following three explanations:

Explanation (1), which is most favoured by us, is the par-
tial decomposition of the IL above 275 K to small and non-
volatile fragments such as NH,, SO,, fluorocarbon species
(CF;), carbene-like and/or other species, which remain in the
small disordered islands on the surface at 300 K. The fact
that the degree of conversion of the unshifted to the shifted
peaks in XPS is different for the anion and cations (~40%
and 10%, respectively, e.g. for 0.5 ML) could indicate that
for the cation several decomposition products with different
XPS binding energies are formed, one of which is similar to
that of the unshifted peaks of the intact IL. After annealing
to 360 K, a part of the anion-related fragments (likely charge
neutral) has desorbed, as concluded from the ~50% loss of
anion signals.

Another decomposition path could be given by explana-
tion (2), where the [C,C,Im]*-cations of the IL are deproto-
nated in C2-position and Cu-carbenes are formed, binding
to the Cu(111) surface or to copper adatoms. The protons
would be transferred to copper and could react with the ani-
ons to form neutral H[Tf,N], which subsequently desorbs
above 350 K. For example, the formation of an organome-
tallic copper dicarbene was observed in STM, XPS and
DFT calculations by Jiang et al. [66]: The authors reacted
1,3-Dimethyl-1H-imidazol-3-ium-2-carboxylate with
Cu(111), which forms [C,C,Im*]Cu[C,C,Im*] dimers at the
surface after CO, elimination ([C,C,Im*] is denoted here
as the carbene after deprotonation of [C,C,Im]* at position
2). An explanation along these lines can, however, be ruled
out, since we observe similar changes in the XP spectra with
temperature for the related IL [C,C,C,Im][Tf,N] (Figure
S8 and Table S3 in the SI), where the most acidic proton of
[C,C,Im]* in position 2 is replaced by a methyl group, and
thus deprotonation should not occur (or should occur only
at considerably higher temperatures). Furthermore, carbene
formation also appears to be very unlikely since for [BMP]
[Tf,N]) on Cu(111) overall a very similar thermal evolution
to that of [C,C,Im][Tf,N] on Cu(111) is found (see discus-
sion above).

Finally, we cannot completely rule out a third explana-
tion (3), namely that upon heating to 275 K and above, parts
of the intact IL reorganize without decomposition, e.g. by
interaction with Cu adatoms, forming a specific Cu-IL com-
plex. The complexation would have to affect the electronic
structure of the still intact IL such that the corresponding
IL signals exhibit the observed strong decreases in bind-
ing energy. The formed Cu-IL complex could also be an
initial step towards carbene formation, initiating also the
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decomposition of the IL and the desorption of H[Tf,N]
at 360 K. We consider this last option, however, as rather
unlikely.

4.4 Ordered Structures and DFT Calculations

As final step we aim for a more detailed understanding of
the ordered structures based on the nc-AFM images in Fig. 1
through corresponding DFT calculations.

4.4.1 Stripe Structure at 200 K

The stripe structure Fig. la (right) and Fig. 5a (left)
has a rectangular unit cell (y=904+3°) with vectors
@ (1.90+0.08 nm) and & (0.90 +0.05 nm), yielding a unit
cell area of ~ 1.71 nm? (see Table 1). This structure is similar
to the stripy structure observed for the same IL on Au(111),
with a unit cell area of ~0.74 nm?, and one ion pair per unit
cell [43]. If we assume a comparable ion pair density in the
wetting layer on both surfaces, this is a strong indication that
the unit cell on Cu(111) in Fig. 1 and Fig. 5a (left) contains
2 ion pairs, which yields an ion pair density of 1.17 ion
pairs/nm?. In Fig. 1 (see above), we tentatively assigned the
very bright oval protrusion (red ellipses) and the two less
bright protrusions (blue ellipses) to two differently oriented
anions, and the dark areas in between (black ellipses) to the
two cations.

As a next step, we discuss the results from DFT. Because
we have a highly ordered structure, we calculated a com-

mensurate structure with a 34

vectors @ (1.83 nm) and b( 0.92 nm) with an angle y of 92.2°
yield a unit cell area of ~ 1.68 nm?, which (within the margin
of error) very well agrees with the experimental values deter-
mined from the nc-AFM images. The resulting structure after
geometry optimization is shown in Fig. 5c, d and e (left). It
reveals two similarly oriented cations with their plane nearly
perpendicular to the surface, and the C2 carbon atom of the
imidazolium ring pointing downwards, that is, towards the
surface. Interestingly, the two anions have different orienta-
tions: one is adsorbed nearly vertically with all four oxygen
atoms of the sulfonyl groups pointing downwards in 2-2 ori-
entation adsorption motif, and the six F atoms of the two CF;
groups pointing away from the surface towards vacuum; the
other is adsorbed side-on with only one oxygen atom of each
sulfonyl group attached to the surface, that is, in 1-1 orienta-
tion adsorption motif, and 3 F atoms pointing towards vac-
uum. These two different orientations are likely responsible
for the different contrast of the anions observed by nc-AFM.
The DFT structure is also in line with the overall orientation
derived from XPS (see above). The resulting adsorption

energy E ;. which is the energy difference between the

superstructure. The lattice
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isolated ion pair in the gas phase and adsorbed in the pro-
posed layer, yields a value of 3.5 eV per ion pair, indicating
a very stable structure. One should note here that small modi-
fications to the unit cell yield quite similar results. In an
attempt to simulate the nc-AFM images using a simplified
approach, we calculated charge density contour plots; the
corresponding image is shown in Fig. 5b (left). The agree-
ment with the experimental data is surprisingly good, con-
sidering the fact that the contrast strongly depends on the
status of the nc-AFM tip and the simplicity of the calculation.
One interesting aspect are the different contributions to the
calculated total adsorption energy; the detailed analysis
shows that the vertical interaction of the ions with the copper
surface via their image charges amounts to~ 1.6 eV, while the
lateral Coulomb interaction within the checkerboard wetting
layer amounts to~2.0 eV (see Tables S6 and S7 for details
on the different contributions to the adsorption energies; the
geometries of the different calculated geometries are pro-
vided in a separate zip-file).

4.4.2 Honeycomb Structure at 300 K

We next address the honeycomb structure. The lattice vec-
tors d and b have an identical length of 2.35+0.08 nm,
yielding an unit cell area of 4.78 nm?. It can be described by

a _82 120 superstructure. Based on the significant fraction
of unshifted XPS peaks of anions and cations, we attribute
the honeycomb structure to intact IL ion pairs. When
addressing the number of ion pairs per unit cell, we have to
consider the specific properties of the honeycomb lattice.
The unit cell of the honeycomb structure in Fig. 1c (right)
and Fig. 5a (right) has 2 bright protrusions (indicated as
circles) and 3 dimmer ones (dots). If we assume that the
bright protrusions are either anion or cation (and not anions
and cations that coincidentally exhibit the same brightness),
this immediately implies that the bright protrusions cannot
be anions and the dimmer ones cations (or vice versa), as
this would violate charge neutrality. One solution is that the
bright and dim protrusions are oppositely oriented “sand-
wiches” composed of stacked cations and anions. Based on
our assignment of the well-ordered honeycomb-structure to
intact IL ion pairs with unshifted XPS peaks (see previous
sections), we propose that the XPS binding energies are not
affected by the opposite orientation of the sandwiches; we
thus observe only one narrow peak for each element. This
structure contains 5 ion pairs per unit cell, which yields an
ion pair density of 1.05 ion pairs/nm?, which is slightly
smaller than that of the stripe structure. The fact that some
of the pores of the honeycomb structure are empty and some
have a dim background is attributed to leftovers of the trans-
formation process.
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Fig.5 Surface structure of
[C,C,Im][Tf,N] on Cu(111) for
the stripe phase (left) and the
honeycomb phase (right). a nc-
AFM images (data from Fig. 1).
b Charge density plots of the
corresponding structures, as
derived from DFT calculations.
¢ Geometry-optimized struc-
tures, as obtained from the DFT
calculations. d Close-up of the
structures shown in (c). e Side
view of the structures shown in
(c). Graphs (a) to (c¢) are shown
on the same scale, as indicated
by the scale bars in (a)
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For the honeycomb structure with oppositely oriented
sandwiches we also performed DFT calculations. The cor-
responding structure is shown in Fig. 5c, d and e (right)
and the corresponding calculated charge density contour
plots in Fig. 5b (right). The structure yields an adsorption
energy E, ;. per ion pair of 3.1 eV, which demonstrates the
stability of this porous arrangement. Notably, this adsorp-
tion energy value is smaller than the value of 3.5 eV calcu-
lated for the nearly rectangular checkerboard—type structure
(see above). The reason for the higher adsorption energy of
the checkerboard structure is its larger dispersion energy
compared to the honeycomb structure; see SI, Table S6.
The lower dispersion energy of the honeycomb structure is
not surprising because it consists of IL pairs in a sandwich
geometry. The top IL molecules of each pair have a larger
distance from the metal substrate leading to a smaller dis-
persion interaction with the substrate. In the checkerboard
structure, on the other hand, all IL molecules are in direct
contact with the metal substrate structure. One should note
that the lower adsorption energy of the honeycomb structure
is not expected from the experimental findings, as from a
simple consideration one would assume a higher adsorp-
tion energy, since upon annealing a transformation towards
a more stable structure should occur. Possible reasons are
that in the experiment the decomposition of a fraction of the
IL layer (yielding the disordered islands) goes along with
the formation of the honeycomb structure, and the related
energies would have to be included in the total energy bal-
ance. An alternative explanation would be that in the calcu-
lations, the geometry optimization did not find the global
minimum with maximum binding energy. One possible,
though unlikely, alternative could be that we actually do
not have the structure proposed above, but that a metastable
intermediate complex including Cu substrate or adatoms is
formed. In particular nitrogen atoms, which are present in
the anion and the cation, are known to play an important role
in the formation of Cu coordinated frameworks on surfaces
[67, 68-70]. The latter considerations are, however, pure
speculation.

5 Summary and Conclusions

We investigated the initial formation and thermal stability of
sub-monolayer ionic liquid films on Cu(111) as a function
of temperature with non-contact atomic force and scanning
tunneling microscopy, angle-resolved X-ray photoelectron
spectroscopy, and density-functional theory calculations.
The IL [C,C,Im][Tf,N] was deposited either at room tem-
perature followed by very fast cooling to 110 K, or directly
at low temperatures. Both procedures lead to the adsorp-
tion of intact IL on the surface. The thermal evolution of
the adsorbate structure and chemical composition was then
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investigated by stepwise annealing. The nc-AFM and the
STM studies were performed for a coverage of 0.15 ML,
which corresponds to ~30% of the surface being covered
with a wetting layer of anions and cations adsorbed next to
each other in direct contact with the Cu(111) surface. Due
to the low signals, the corresponding XPS studies were per-
formed for coverages of 0.5 and 0.3 ML, which correspond
to 100% and 60% of the full wetting layer, respectively.

Annealing to 200 K leads to the formation of large
islands. Each island consists of one or more domains of a
highly ordered phase characterized by molecular rows, that
is, stripes with a nearly rectangular unit cell (y=90+3°),
with lattice vectors of @ (1.90+0.08 nm) and
b (0.90+0.05 nm), and a unit cell area of 1.71 nm% The

6 2

53]
superstructure; the protrusions visible in nc-AFM are
assigned to two types of differently oriented anions and the
dark spots in-between to the cations. The chemical composi-
tion measured by XPS confirms that at 200 K intact anions
and cations are indeed adsorbed next to each other. Based on
the nc-AFM and XPS results and the DFT calculations, we
propose that the unit cell contains 2 ion pairs, yielding a
density of 1.17 ion pairs/nm®. From DFT, we derived an
adsorption energy per ion pair of 3.5 eV, which can be
decomposed into a contribution of ~ 1.6 eV from the interac-
tion with the substrate and ~2.0 eV due to lateral interactions
within the IL (see SI, Table S7).

Upon heating to 300 K and annealing at this temperature
for hours, we observe a sequence of structural changes in
the nc-AFM images which are accompanied by pronounced
changes in the XP spectra. In nc-AFM, we observe for the
large islands first the transformation of the stripe structure to
an overall hexagonal structure and finally to a well-ordered
honeycomb-type structure with a pore size of ~2 nm, which
goes along with the additional appearance of numerous
small disordered islands. Simultaneously, a partial conver-
sion of the initial IL peaks towards peaks shifted to lower
binding energies is observed in XPS, which is most pro-
nounced for the anions. From the simultaneous appearance
of the small disordered islands and the pronounced changes
in XPS, we propose that a chemical reaction yielding partial
IL decomposition occurs around 300 K, with the reaction
products forming the disordered islands. The large islands
with the hexagonal and the honeycomb structure still consist
of intact ion pairs. Upon further heating to 350 K, only small
disordered islands are observed by nc-AFM, and in XPS,
the conversion of all anion and cation signals indicates a
complete decomposition of the IL on the surface. Notably
at this temperature, nearly 50% of the anion-derived reac-
tion products but only 10-20% of the cationic ones left the
surface as deduced from the related signal decreases in XPS.

checkerboard—type adlayer can be described by a [



Topics in Catalysis (2023) 66:1178-1195

1193

Interestingly, the well-ordered hexagonal and honeycomb
structures of the large islands at 300 K have the identical unit
cells with lattice vector lengths 2.35 +0.08 nm and a unit

-2 10
superstructure with an angle of 60°. For the overall hexago-
nal structure, we assume six ion pairs per unit cell, which
yields a density of 1.26 ion pairs/nm?, and for the honey-
comb structure five ion pairs per unit cell, which yields a
density of 1.05 ion pairs/nm?. Notably, the honeycomb struc-
ture can be obtained from the overall hexagonal structure by
removing one ion pair, which results in the pore of the hon-
eycomb structure. Thus, the hexagonal structure can be seen
as metastable transition structure from the stripe phase to the
honeycomb phase upon annealing the IL layer at 300 K.
From the unit cell area and the number of ion pairs per unit
cell, we conclude that in the two structures the IL is not
adsorbed in the commonly observed checkerboard arrange-
ment with anions and cation next to each other. We rather
propose that they adopt a stacked “sandwich structure” of
anions and cations, with the sandwiches adsorbed on the
surface alternatingly with opposite orientations. Our DFT
calculations indeed show that such a structure is quite stable
on the surface with an adsorption energy of 3.1 eV.

To conclude, by a combination of experimental and theo-
retical methods, we were able to obtain detailed insights
into the adsorption and reaction of the IL [C,C,Im][Tf,N]
on the Cu(111) surface. In contrast to the adsorption of the
same IL on Au(111), a very complex thermal evolution with
structural changes and decomposition effects was observed
even at room temperature due to the more reactive copper
atoms. Moreover, our results allowed for solving apparently
conflicting results of two previous studies of related ILs on
copper surfaces. We are confident that such model thin film
studies under well-defined conditions to gain a molecular
understanding into IL-metal interactions at interfaces even-
tually will allow for a more controlled design and use of ILs
for particular applications in many areas.

cell area of ~ 4.78 nm?; they can be described by a[ 8 2 }
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Figure S1. nc-AFM images of [C1C1lm][Tf2N] on Cu(111), deposited at 300 K, quickly cooled down and measured
at 110 K. (left) Overview image (1000 x 1000 nm?2) showing IL islands of various shapes and sizes. The blue and
black dots indicate IL-covered and IL—free area, respectively. (Middle) Close-up image (100 x 100 nm?) of an
ordered phase of differently oriented domains coexisting with a disordered phase incorporated in—between;
boundaries are marked with dashed black lines. (Right) High-resolution image (10 x 10 nm?) of the ordered
phase, which is characterized by molecular rows, that is, stripes with almost a rectangular unit cell (y =90 + 3°),
with lattice vectors @ (1.90 + 0.08 nm) and b (0.90 + 0.05 nm). For details of the phase and the structure, see
text. All images were measured with Af = -400 Hz.

Figure S2. nc-AFM images, measured at 110 K after annealing an adsorbed IL adlayer of [CiCilm][Tf2N] on
Cu(111) at 250 K for 45 min. (left) Overview image (1000 x 1000 nm?, Af = -400 Hz) shows IL islands of various
shapes and sizes. The blue and black dots indicate IL—covered and IL—free area. (Middle) Close-up image (100 x
100 nm?, Af = -600 Hz) depicting an ordered phase of two differently oriented domains with disordered species
incorporated in—between; boundaries are marked with broken black lines. (Right) High-resolution image (10 x
10 nm?, Af = -400 Hz) of the ordered phase, which is characterized by molecular rows, that is, stripes with a
nearly rectangular unit cell (y = 90 + 3°) with lattice vectors d (1.90 + 0.08 nm) and b (0.90 £ 0.05 nm), highlighted
with broken black lines. For details of the phase and the structure, see manuscript.



Figure S3. Comparison of a series of nc-AFM overview images (1000 x 1000 nm?, Af = -400 Hz) of [C1C1Im][Tf2N]
on Cu(111) annealed at 200 K (top) and 300 K (bottom), measured at 110 K. The images clearly show the
transformation upon heating, from only large and medium sized islands at 200 K to the coexistence of large and
many very small islands at 300 K. High resolution images (Figure 1 in the manuscript) reveal that the large islands
are ordered (stripe phase at 200 K, honeycomb phase at 300 K), while the very small islands are disordered (see
Figure S4). For details, see manuscript.

AFM-300 K/1 h AFM-300 K/16 h

AFM-350 K/30 m
.- :

Figure S4. High-resolution nc-AFM images (10 x 10 nm?, Af = -500 Hz) of the small islands with disordered internal
structure observed after annealing an adsorbed IL adlayer of [C1Cilm][Tf2N] on Cu(111). (Left) At 300 K for 1 h;
these islands coexist with large hexagonal-type islands, see Figure 1b. (Middle) At 300 K for 16 h; these islands
coexist with large honeycomb-type islands, see Figure 1c. (Right) At 350 K for 30 min; at this temperature, only
small disordered islands exist on the surface, see Figure 1d. For details, see manuscript.



Figure S5. STM images of [C1Ciim][Tf2N] on Cu(111), deposited at <160 K and measured at 110 K (left); the
overview image (top, 1000 x 1000 nm?, Upias = 2 V, lset = 0.5 nA) and the close-up image (bottom, 50 x 50 nm?,
Ubias = 2 V, Iset = 1.0 nA) show IL islands of various shapes and sizes without long-range order. (Middle) acquired
at 110 K after annealing the IL adlayer at 200 K for 15 min; the overview image (top, 1000 x 1000 nm?, Upjas = 2
V, lset = 0.5 nA) also shows IL islands of various shapes and sizes; the close-up image (bottom, 50 x 50 nm?, Upias
=2V, lset = 0.6 nA) reveals again the absence of an ordered phase. (Right) STM image acquired at 110 K after
annealing the IL adlayer at 250 K for 15 min; the overview image (top, 1000 x 1000 nm?, Upias = 2 V, lset = 0.2 nA)
also shows IL islands of various shapes and sizes, and the close-up image (bottom, 50 x 50 nm?, Upias = 2 V, lset =
0.6 nA) shows again only a disordered phase. In the overview images, the blue and black dots indicate IL—covered
and IL—free areas. For details, see manuscript.
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Figure S6. S 2p, C 1s, N 1s, O 1s and F 1s spectra of 0.3 ML [C:Ciim][Tf2N] on Cu(111) from 200 to 360 K, along
with the spectra for 4.6 ML obtained at 90 K as reference for the bulk IL (bottom). For each denoted temperature,
a new layer were freshly prepared and measured under normal (0°) and grazing emission (80°; shown only for
200 K in blue). For a better visualization, the 4.6 ML spectra are scaled down by a factor of 0.2. Grey peaks
indicate the signals of the intact IL, red peaks denote the peaks of the new species formed upon heating. In the
C 1s spectra a small contamination of the surface was taken into account, as indicated exemplarily in the
spectrum at 200 K; in the F 1s spectra, the overlapping Cuauger signal was subtracted (for more details, see
experimental section and SI).



Table S1. Quantitative analysis of the composition of 0.3 ML [CiCilm][Tf2N] on Cu(111) at different
temperatures, as derived from the XP spectra shown in Figure S6 at 0° (and for 200 K also at 80°) emission angle.
Also given are the results for 4.6 ML deposited at 90 K and measured under 0° emission as reference for the bulk
IL. For quantification, the shifted (marked with asterisk) and the unshifted signals of the IL were combined to
provide the total atom number for each element.

Temperature an,sum | “an,sum | “cat,sum | “cat,sum | '‘an,sum | “an,sum an, sum 2

nominal 2 2 5 2 1 4 6 22

360 K 1.0 0.9 4.4 1.7 0.5 2.6 4.6 15.7
300 K, 1 day 1.7 1.9 5.1 2.1 1.0 3.7 6.5 21.4
300 K 1.7 1.9 51 1.6 1.0 3.7 7.1 22.0
275K 1.8 1.7 4.7 1.7 1.0 3.6 7.4 22.0
200 K, 80° 1.9 2.2 3.9 1.7 0.9 34 7.9 22.0
200 K 1.8 1.9 4.6 1.8 13 3.9 7.3 22.0
90 K 1.8 2.0 4.6 2.0 1.0 4.2 6.4 22.0




Subtraction of Auger-LMM and contamination signals

On the (freshly cleaned) Cu(111) surface an Auger-LMM signal and additional small surface
contaminations in the C 1s or O 1s region may occur. After film deposition these signals are damped
and have to be subtracted for the quantitative analysis of the IL signals. The expected damping factor,
I4/lo, is calculated via the substrate Cu 2ps;; damping by taking into account the different mean free
pathes Acuzp and Aaug/cont for Cu 2ps photoelectrons and Auger electrons/contamination photo-

electrons, respectively:

ACu 2p
I I AAu er/cont.
d, Auger/cont. d,Cu?2p g

IO, Auger/cont. IO, Cu?2p



Table S2. Binding energies and fit parameter fwhm used for fitting the different XPS peaks
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Binding Energy / eV

Signal san San* can can* ccat ccat* Ncat Ncat* Nan Nan* Oan oan* Fan Fan*
Binding
Energy | 168.77 | 166.77 | 292.83 | 291.75 | 286.40 | 285.82 | 401.63 | 400.64 | 399.21 | 397.08 | 532.44 | 531.19 | 688.89 | 688.15
/ eV
fwhm 1.23 1.32 1.79 1.56 1.38 1.43 1.45
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Figure S7. S 2p, C 1s, N 1s, O 1s and F 1s spectra of 0.5 ML [C1CiIm][Tf2N] on Cu(111) at 200 and 300 K; data from Figure 3, but at an enlarged scale. Grey peaks indicate the
signals of the intact IL, red peaks denote the peaks of the new species formed upon heating. Vertical lines indicate the peak positions — see Table S2. In the C 1s spectra a small
contamination of the surface was taken into account; in the F 1s spectra, the overlapping Cuauger signal was subtracted.



0.5 ML [C,C,C,Im][Tf,N] on Cu(111)
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Figure S8. S 2p, C 1s, N 1s, O 1s and F 1s spectra of 0.5 ML [C1C:Cilm][Tf2N] on Cu(111) from 200 to 360 K, along
with the spectra for 6.5 ML obtained at 90 K as reference for the bulk IL (bottom). The spectra have been
measured for freshly prepared layers (for sample preparation see text) at the denoted temperatures under
normal emission (0°). For better visualization, the 6.5 ML spectra are scaled down by a factor of 0.2. Grey peaks
indicate the signals of the intact IL, red peaks denote the peaks of new species formed upon heating. In the C 1s
spectra a small contamination of the surface was taken into account, as indicated exemplarily in the spectrum
at 200 K. In the F 1s spectra, Cuauger peak was subtracted (for details see experimental section)

Table S3. Quantitative analysis of the composition of 0.5 ML [CiCiCilm][Tf2N] on Cu(111) at different
temperatures, as derived from the XP spectra shown in Figure S7 at 0° emission angle. Also given are the data
for 6.5 ML obtained at 90 K under 0° emission as reference for the bulk IL. For quantification, the shifted (marked
with asterisk) and the unshifted signals of the IL were combined to provide the total atom number for each

element.
Temperature San,sum | Can,sum | Ceat,sum | Neat,sum | Nan,sum | Oan,sum | Fan,sum z
nominal 2 2 6 2 1 4 6 23
360 K 0.9 1.1 4.0 1.6 0.4 1.8 3.3 13.2
300 K 1.7 1.9 5.8 2.3 1.0 34 6.9 23.0
200 K 1.7 21 5.7 1.9 0.9 3.8 6.9 23.0
90 K 1.9 1.9 5.7 2.1 1.0 4.1 6.2 23.0




Table S4. List of nc-AFM and STM images in Figure 1, and Figures S1 - S5, along with their operating conditions

and File IDs.
Figures Methods nc-AFM STM File IDs
set frequency Ubias [V], lset [nA] [YYMMDD_##_##]
Af [Hz]
la (L) nc-AFM -400 Hz 20201125 43 1
la (M) nc-AFM -400 Hz 20201126_35_1
la (R) /5a (L) nc-AFM -400 Hz 20201126_27_3to 27_11
1b (L) nc-AFM -400 Hz 20201130_83_1
1b (M) nc-AFM -500 Hz 20201130 52 1
1b (R) nc-AFM -400 Hz 20201130_73_1
1c (L) nc-AFM -500 Hz 20201201_42_2
1c (M) nc-AFM -500 Hz 20201201 47_1
1c(R)/5a (R) | nc-AFM -500 Hz 20201201 51 _1to51 2
1d (L) nc-AFM -400 Hz 20210826_44_4
1d (M) nc-AFM -400 Hz 20210826_88_1
1d (R) nc-AFM -400 Hz 20210826_95_1
le (L) ST™M 2V,0.4nA 20200901_35_1
le (M) STM 2V,0.4nA 20200901_36_3
le (R) STM 2V,0.2nA 20200831_65_1
S1(L) nc-AFM -400 Hz 20201124 41 1
S1(M) nc-AFM -400 Hz 20201124 95 1
S1(R) nc-AFM -400 Hz 20201124_105_1
S2 (L) nc-AFM -400 Hz 20201126_59_2
S2 (M) nc-AFM -600 Hz 20201127_30_1
S2 (R) nc-AFM -400 Hz 20201126_190_1
S3 (L-T) nc-AFM -400 Hz 20201125_43_1
S3 (M-T) nc-AFM -400 Hz 20201126_6_1
S3 (R-T) nc-AFM -400 Hz 20201125 143 2
S3 (L-B) nc-AFM -400 Hz 20201127 75 1
S3 (M-B) nc-AFM -400 Hz 20201130_83_1
S3 (R-B) nc-AFM -400 Hz 20201201_73_1
S4 (L) nc-AFM -500 Hz 20201130 48 1
S4 (M) nc-AFM -500 Hz 20201201_38_1
S4 (R) nc-AFM -400 Hz 20210826_95_1
S5 (L-T) STM 2V,0.5nA 20200826_11_21
S5 (M-T) ST™M 2V,0.5nA 20200827_66_1
S5 (R-T) ST™M 2V,0.2nA 20200829 _2_5
S5 (L-B) STM 2V,1.0nA 20200826_24_3
S5 (M-B) ST™M 2V,0.6 nA 20200827_39_1
S5 (R-B) ST™M 2V,0.6 nA 20200829 _17_2
L = Left, M = Middle, R = Right, T = Top, and B = Bottom
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Table S5. List of the preparation conditions and File IDs for the XP spectra in Figure 2, 3, 4, S6, S7 and S8.

Figure Temperature ID
210512-05 & -08
210623-04 & -06
210804-03 & -04
210804-05 & -06
210908-05 & -07
275, 300 K 210910-05 & -06
210930-05 & -07
211111-03 & -04
211118-05 & -06
211123-03 & -04
211215-01 & -02
210831-04 & -06
2 210902-05 & -06
200K 211025-05 & -06
211104-03 & -04
210629-03 & -04
210707-04 & -05
210707-06 & -07
210707-08 & -09
90 K 210709-03 & -04
210709-05 & -06
210714-03 & -05
210714-06 & -07
210723-04 & -05
210723-06 & -07
360 K 210914-05
300 K, 1 day 210923-01
300 K 210907-04
3 275K 210928-07
200 K, 80° 210902-06
200 K 211112-03
90 K 210705-05
84 K 210709-07
4 N2 N2
800 K 210709-18
360 K 211029-04
300 K, 1 day 211130-01
300 K 211110-04
S6 275K 211117-03
200 K, 80° 211104-04
200 K 211029-03
90 K 210705-05
300 K 210907-04
S7
200 K 211112-03
360 K 221004-04
300 K 220923-04
S8
200 K 220918-04
90 K 220921-05
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Table S6: DFT results for the most stable structures; energies given in eV

total energy total disp energy adsorption energy adsorption energy disp adsorption geometry
“without disp” energy

ion pair -178.99 -0.67 - - - IL_ref
anion -87.62 -0.25 - - - Anion_ref
cation -90.08 -0.14 - - - Cation_ref
surf 62 -462.58 -42.79 - - - Surf62_ref
surf 82 -1295.13 -120.31 - - - Surf82_ref
structl 62 -825.01 -48.05 -3.51 -1.28 -2.24 struct62_1
struct2 62 -824.92 -48.03 -3.47 -1.24 -2.22 struct62_2
struct3 62 -824.88 -48.04 -3.45 -1.22 -2.23 struct62_3
struct4 62 -824.80 -48.11 -3.41 -1.14 -2.27 struct62_4
structl 82 -2198.97 -130.71 -3.07 -1.38 -1.69 struct82_1
struct2 82 -2198.23 -130.30 -2.92 -1.31 -1.61 struct82_2

The entry ‘structl 62’ in Table S6 refers to the stripe structure discussed in the main text. The entries ‘struct2 62’, ‘struct3 62’ and ‘struct4 62’ refer to other
geometries representing local minima. The entry ‘structl 82’ refers to the honeycomb structure in the main text. The entry ‘struct2 82’ refers to another geometry

representing a local minimum.
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Table S7: Decomposition of DFT energies in horizontal interactions present already in a freestanding IL layer and vertical interactions with the substrate emerging after placing
the IL layer on the substrate; energies in eV. For a description of the considered stripe and honeycomb structure see text right after Table S6.

total energy total disp energy horizontal vertical interaction disp horizontal disp vertical
freestanding IL freestanding IL interaction interaction interaction
structl 62
. . -359.31 -1.77 -1.96 -1.56 -0.49 -1.74
(2 ion pairs)
structl 82
. . -898.36 -4.63 -1.97 -1.10 -0.53 -1.15
(5 ion pairs)
struct2 82
. . -898.64 -4.53 -2.03 -0.89 -0.51 -1.09
(5 ion pairs)

13




Appendix

Publication [P4]

Structure and Conformation of Individual Molecules upon Adsorption of a Mixture of
Benzoporphyrins on Ag(111), Cu(111), and Cu(110) Surfaces, R. Adhikari, J. Brox,
S. Massicot, M. Ruppel, N. Jux, H. Marbach, and H.-P. Steinriick, ChemPhysChem, 2023,
€202300355; 10.1002/cphc.202300355

Copyright © 2023, The Authors. ChemPhysChem published by Wiley-VCH GmbH. This is an open access article

under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use

and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no

modifications or adaptations are made.

= Cover Profile: 10.1002/cphc.202300539

= Front Cover: 10.1002/cphc.202300540

138


https://doi.org/10.1002/cphc.202300355
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1002/cphc.202300539
https://doi.org/10.1002/cphc.202300540

'.) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Cover Profile

ChemPhysChem doi.org/10.1002/cphc.202300539

www.chemphyschem.org

Structure and Conformation of Individual Molecules upon
Adsorption of a Mixture of Benzoporphyrins on Ag(111),
Cu(111), and Cu(110) Surfaces

Rajan Adhikari Dr. Jan Brox Stephen Massicot Dr. Michael Ruppel Prof. Dr. Norbert Jux Dr. Hubertus Prof. Dr. Hans-Peter

Lré?q#

RTG 2861

Marbach Steinrtick

SCA

Synthetic Carbon Allotropes SFB953

The front cover artwork is provided by the groups of Prof. Dr. Hans-Peter Steinriick and Prof. Dr. Norbert Jux at the Frie-
drich-Alexander-Universitat (FAU) Erlangen-Niirnberg. The image shows a mixture of six 2H-tetrakis-(3, 5-di-tert-butyl-phe-
nyl)(x)benzoporphyrins (2H-diTTBP(x)BPs, x = 0, 1, 2-cis, 2-trans, 3, or 4) molecules forming a porous square structure on
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What is the most significant result of this study?

The investigated system contained a mixture of six different
2H-diTTBP(x)BPs with x = 0, 1, 2-cis, 2-trans, 3, and 4, as ob-
tained from synthesis. For the three surfaces, Ag(111), Cu(111)
and Cu(110), we found different adsorption and reaction be-
haviour concerning intramolecular conformations and ordering
of the porphyrins. In principle, on all surfaces, our high-resolu-
tion STM images allow for identifying the different 2H-
diTTBP(x)BPs.

What prompted you to investigate this topic/problem?

Benzoporphyrins have a variety of potential practical appli-
cations in organic near infrared light-emitting devices, in or-
ganic photovoltaics, or as oxygen sensors. Despite these prom-
ising properties, there have been very few fundamental studies
of their adsorption and reaction behavior on single crystal sur-
faces. The topic is still in its early stage of investigation, which
is particularly true given the difficulty of synthesizing isolated
functionalized benzoporphyrin derivatives.

Is your current research mainly fundamental or rather
applied?

We always target at a fundamental understanding at the mo-
lecular or even atomic level. We image complex molecules
using scanning tunneling microscopy and aim at evaluating

ChemPhysChem 2023, 24, €202300539 (1 of 1)

how they interact with and on surfaces, with the goal of ob-
taining new materials or new substances. As a result, the cur-
rent study will serve as an excellent basis for more application-
driven research, such as in molecular scale electronic devices
or catalysis.

Who designed the cover?

Rajan Adhikari conceptualized the cover design and did the 3D
topography and rendering.
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Structure and Conformation of Individual Molecules upon
Adsorption of a Mixture of Benzoporphyrins on Ag(111),

Cu(111), and Cu(110) Surfaces

Rajan Adhikari,® Jan Brox,” Stephen Massicot,”” Michael Ruppel,” Norbert Jux,™
Hubertus Marbach,” and Hans-Peter Steinriick*®

We investigated the adsorption behavior of a mixture of six 2H-
tetrakis-(3, 5-di-tert-butylphenyl)(x)benzoporphyrins (2H-
diTTBP(x)BPs, x=0, 1, 2-cis, 2-trans, 3, and 4) on Ag(111),
Cu(111) and Cu(110) at room temperature by scanning
tunneling microscopy (STM) under ultra-high vacuum condi-
tions. On Ag(111), we observe an ordered two-dimensional
square phase, which is stable up to 400 K. On Cu(111), the same
square phase coexists with a stripe phase, which disappears at
400 K. In contrast, on Cu(110), 2H-diTTBP(x)BPs adsorb as
immobile isolated molecules or dispersed short chains along
the [170] substrate direction, which remain intact up to 450 K.
The stabilization of the 2D supramolecular structures on

Introduction

The organization of matter at the molecular or even atomic
level is still a difficult task. The goal is to develop molecular
scale devices, that is, devices that contain a single molecule or
molecular assembly embedded as a key component,™ which
not only meet the increasing technical demands of the
miniaturization of conventional Si-based electronic devices but
also offers an ideal window of exploring the inherent properties
of materials at the molecular level. In order to realize, e.g.,
molecular scale electronic devices from organic building blocks,
one has to control and characterize the adsorption and arrange-
ment of molecular nanostructures on suitable substrates with
high precision. To enable the fabrication of nanometer-size
structures, significant efforts have been made to develop the
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Ag(111) and Cu(111), and of the 1D short chains on Cu(110) is
attributed to van der Waals interactions between the tert-butyl
and phenyl groups of neighboring molecules. From high-
resolution STM, we can assign all six 2H-diTTBP(x)BPs within the
ordered structures. Moreover, we deduce a crown shape
quadratic conformation on Ag(111) and Cu(111), an additional
saddle-shape on Cu(111), and an inverted structure and a
quadratic appearance on Cu(110). The different conformations
are attributed to the different degree of interaction of the
iminic nitrogen atoms of the isoindole and pyrrole groups with
the substrate atoms.

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

Among the class of nitrogen-containing macrocycles,
porphyrins are omnipresent in nature® and are most exploited
representatives, in part because of their significance to
biology.” They are an essential building block of living systems,
e.g., for oxygen transport in mammals and photosynthesis.
Their unique electronic and magnetic characteristics have led to
manifold applications in a variety of electronic devices.”! The
ideal conformation of a porphyrin has D4 symmetry, but due to
the inherent flexibility of the porphyrin macrocycle, the
conformation of a porphyrin can be customized by the

interactions with substrates,*9 substitution with particular
3¢,9]

functional end groups, molecular coverage,'” heat
treatments,”>'" presence (metalation) or absence of metal
center,®**'? which also further alters porphyrin’s adsorption

behavior as well as its physical and chemical nature.
Porphyrins and phthalocyanines adsorbed on metal surfaces
have so far received extensive attention within the category of

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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nitrogen-containing macrocycles." Tetraannulated derivatives,
in particular tetrabenzoporphyrins," represent an intriguing
class of m-extended tetrapyrroles, due to their intermediate
position between regular porphyrins and phthalocyanines.
Benzoporphyrins have a variety of potential practical applica-
tions, such as organic near-infrared devices,"” oxygen
sensors,"”  photodynamic  therapy,"” organic  thin-film
transistors,'® and dye-sensitized solar cells."*'¥ Despite this
relevance, only very few investigations of their adsorption
behavior on different metal surfaces have been reported to
date:®” For 2H-5,10,15,20-tetrakis-(2-naphthyl)-benzoporphyrin
(2H-TNBP) on Cu(111), individual molecules were observed,
whereas islands with square arrangements were observed on
Ag(111);%* for 2H-5,10,15,20-tetrakis(4-cyanophenyl)-tetraben-
zoporphyrin  (2H-TCNPTBP), Kagome, quadratic lattice, and
hexagonal networks coexist on Cu(111);*® for 2H-5,10,15,20-
tetraphenyltetrabenzoporphyrin (2H-TPTBP), 2D islands with the
molecules arranged in a herringbone structure are found on
Cu(111) and Ag(111), whereas on Cu(110) 1D molecular chains
were observed;®™ for Ni(ll)-5, 10, 15, 20-tetraphenyltetrabenzo-
porphyrin (Ni-TPBP), oblique, herringbone, and cross structures
coexist on Cu(111);%°Y and finally for Ni(ll)-meso-tetrakis(4-tert-
butylphenyl)-benzoporphyrin (Ni-TTBPBP), islands with square
arrangement were observed on Cu(111).%° Such arrangements

ns]

x=0

Ly S

X = 2-trans

Figure 1. Chemical structure of the different 2H-diTTBP(x)BPs.
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could find potential applications in organic electronics or
catalysis.

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

X = 2-Cis

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Herein, we present a detailed investigation of the self-
assembly of 2H-diTTBP(x)BPs on Ag(111), Cu(111) and Cu(110)
as a function of temperature to provide further information on
fundamental aspects. While the different molecules cannot be
separated in the synthesis process, we were able to identify
and/or assign all six porphyrin species within the long-range
ordered structures on Ag(111) and Cu(111) based on our
submolecular resolution STM images. These long-range ordered
structures are stabilized by van der Waals forces between the
adjacent tert-butyl groups of neighboring molecules. On /bk;
Cu(110), however, we evidence for the first time, to the best of
our knowledge, a peculiar “inverted” adsorption geometry™ for
any benzoporphyrin derivative.

Results and Discussion
2H-diTTBP(x)BPs on Ag(111)
In a first step, we investigated the adsorption behavior of 2H-

diTTBP(x)BPs on Ag(111), a substrate which is considered as
rather inert and does not tend to exhibit strong interactions

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

Figure 2a shows the images measured after the deposition
at RT. The overview image (left) and close-up image (middle),
displays a very regular, monomodal 2D island, with nearly
perfect long-range order and only very few defects. The high-
resolution STM image in Figure 2a (right) shows that the phase
is characterized by a square unit cell (y=89 + 3°), with unit cell
lattice vectors @=1.5640.10 nm and b=1.46+0.10 nm, and a
unit cell area of 2.28 nm” We propose that the unit cell contains
one molecule, yielding a density of 0.44 molecules/nm?® As
mentioned above, the deposited 2H-diTTBP(x)BPs mixture
contains six different molecules, containing 0, 1, 2 (cis and
trans), 3, or 4 isoindole groups (see Figure 1). From the detailed
inspection of the high-resolution STM image in Figure 2 (right),
we are indeed able to identify and assign all six molecules,
which are marked with differently colored dashed circles. Each
individual molecule can be identified by four characteristic

Figure 2. STM images of 2H-diTTBP(x)BPs on Ag(111), as overview (left, 50 x 50 nm?), close-up (middle, 20 x 20 nm?), and with high resolution (right,

10x 10 nm?), measured at RT. a) Deposition at RT reveals a highly ordered long-range square phase. b) After annealing to 400 K for 30 min no changes are
observed; the middle and right image in (b) are an average frame of 6 and 20 consecutive images, respectively. In the high-resolution images, the six different
molecules (x=0, 1, 2-cis, 2-trans, 3, & 4) can be identified and are marked with dashed colored circles. The unit cells are shown as solid white lines, and the
white arrows indicate the close-packed Ag(111) substrate directions. For more details, see text. The STM images were measured with U,,; between 1.0 and
1.88 V and I, between 89.3 and 201 pA; for details see Table S1 in the Supporting Information.

ChemPhysChem 2023, 24, e202300355 (3 of 14)
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lobes, that is, bright or dim protrusions that correspond to the
isoindole groups. This appearance is attributed to a “crown-
shape” conformation,”®® which results from a subtle balance
between molecule-substrate interactions and repulsive forces
within the molecules. We will address the details of the
intramolecular conformation later on in Figure 3.

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

To probe the stability of the phase, we annealed the
deposited porphyrin films to 400 K for 30 min. Figure 2b shows
the corresponding images after this annealing step, measured
at RT. We again observe a very regular, monomodal 2D island,
with nearly perfect long-range order and only very few defects.
The high-resolution STM image in Figure 2b (right) shows an
(within the experimental uncertainty) identical square lattice
(y=92+3°), with lattice vectors d =1.564+0.10 nm and b=
1.4640.10 nm, and a unit cell area of 2.28 nm?. Assuming one
molecule per unit cell, we obtain an identical density of 0.44
molecules/nm? as for the layer measured directly after deposi-
tion at RT. Again, we were able to identify all six 2H-
diTTBP(x)BPs (with x=0, 1, 2-cis, 2-trans, 3, and 4 isoindole
groups), which are marked with colored dashed circles in the
high-resolution STM image in Figure 2b (for details see Figure 3
below). Overall, the STM images in Figure 2b show that the
long-range ordered monomodal 2D phase remains unchanged
and is thus thermodynamically stable at 400 K.

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

ChemPhysChem 2023, 24, e202300355 (4 of 14)

TPPs, the “saddle-shape” conformation is the well-established
conformation 222627228 However, this intramolecular confor-
mation is not compatible with the observation of four quadrati-
cally arranged protrusions observed for the molecules on
Ag(111) studied here. Thus, we need to consider a different
intramolecular conformation. Interestingly, the observed pecu-
liar appearance is very similar to that observed by Lepper at el.
for Ni(ll)-5, 10, 15, 20-tetraphenyltetrabenzoporphyrin (Ni-TPBP)
on Cu(111).2Y They assign the quadratic appearance of the
molecule to four upward bent isoindole groups, which appear
as four bright protrusions in STM, separated by ~6 A. The
suggested structure is conceivable when an attractive sub-
strate-molecule interaction pulls the macrocycle towards the
substrate, increasing the tilting value of isoindole groups due to
steric repulsion of the ortho-substituents within the molecule.

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

Overall, our proposed models are in line with the
interpretation of Lepper et al.”*® and the tert-butyl groups are
nearly parallel to the surface in this geometry. In accordance
with the suggested molecular geometry, the attractive inter-
action is due to van der Waals forces between the extended m-
systems of the tert-butyl groups and the macrocycle of the
molecule and the Ag substrate. The similarity of the appear-
ances of 2H-diTTBP(x)BPs molecules on Ag(111) and Ni(ll)-TPBP
indicates that the overall conformation of the molecules within
the ordered layer is not significantly influenced by presence of
the tert-butyl groups or by the presence of a metal ion instead
of two hydrogen atoms, similar to the observations for 2H-TPP
and M*"-Tpps, 25272

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

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

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

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

a: STM-RT

» » .

o :
SvSqyfare phase
N e -

=™

9! -
,#,_ square phase,
r' £ \--.s :

)

Figure 4. STM images of 2H-diTTBP(x)BPs on Cu(111), as overview (left, 50x 50 nm?) and with high resolution (middle, right, 10x 10 nm?), measured at RT.

a) Deposition at RT reveals a coexistence of ordered square and stripe phases, along with a disordered phase. b) After annealing at 400 K for 10 sec no
changes are observed. c) After further annealing at 400 K for 1 h, a loss of the stripe phase is found leaving the square phase and a disordered phase on the
surface. The unit cells are shown as solid white lines, and the white arrows indicate the close-packed Cu(111) substrate directions. For more details, see text.
The STM images were measured with U, between —1.59 and +1.26 V and /., between 95.7 and 299 pA; for details see Table S1.

ChemPhysChem 2023, 24, e202300355 (6 of 14)
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fast to be imaged by STM, which is in line with a two-
dimensional (2D) gas phase.**?%"

Figure 4a (middle) shows high resolution images of the
phase with the square lattice (y=931+4°), with unit cell lattice
vectors d=1.48+0.10 nm and b=1.60+0.12 nm. These values
yield a unit cell area of 2.37 nm? and - with one molecule per
unit cell - a density of 0.42 molecules/nm?. Notably these
parameters are, within the experimental uncertainty, identical
to those observed above for 2H-diTTBP(x)BPs on Ag(111). The
second island type, the stripe phase in Figure 4a (right), also
displays a densely packed, locally ordered structure. However,
due to the absence of a well-defined long-range order, it is not
possible to provide a unit cell. The phase consists of molecular
rows, which are perfectly aligned along the high symmetry
directions of the substrate. This is particularly evident from
Figure 5, where three different domains, rotated by each other
by 120°, are depicted. The perfect alignment and the absence
of any moiré pattern is a strong indication that the stripe phase
is commensurate with the underlying substrate. The driving
force likely is that the molecules have a well-defined adsorption
site on the Cu(111) surface.

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

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

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

Figure 5. STM images of the stripe phase of 2H-diTTBP(x)BPs on Cu(111) measured at RT, as overview (top, 20x 20 nm?) and with high resolution (bottom,
10x 10 nm?). The white arrows indicate the close-packed Cu(111) substrate directions. The stripe phase was found aligned along all high symmetry axes
(marked with purple arrow). For more details, see text. The STM images were measured with U,,,=—1.0 V and /., between 293 and 298 pA; for details see

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

shape. Thereby, two of the isoindole or pyrrole groups are bent  observe 3 different appearances which are indicated by differ-
upward and two are bent downward. In Figure 6 (top) we ently colored rounded-edge rectangles, which all display 6
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protrusions. The elongated depression (dark line) between two
parallel groups of three protrusions is referred to as molecular
axis; it is aligned, that is, parallel to one of the high-symmetry
crystallographic directions of the Cu(111) substrate.

The outer four protrusions, that is, those at the edges of the
rectangle always appear dim. By comparison with the chemical
structure in Figure 1 and STM reports concerning different
porphyrins in literature (see ref.2**2*2"®1 and references there-
in), we assign them to the peripheral phenyl substituents. The
two central protrusions appear either as bright or as dim, and
are assigned to the slightly upward bent isoindole or pyrrole of
the saddle-shaped molecule; this is evident from Figure 6
(bottom columns, b-d), where enlarged cutouts of the STM
image from Figure 6a are overlaid with a scaled molecule
models. Thereby, upward bent isoindole groups are colored
orange, while upward bent pyrrole groups are colored yellow.

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

After discussing the intramolecular conformations, we
address the intermolecular interactions. For TPPs, the
supramolecular arrangement is stabilized by T-shaped inter-
actions between the phenyl rings of the neighboring porphyr-
ins. Thereby, each phenyl group points directly to the center of
a phenyl group of a neighboring molecule. Since in 2H-
diTTBP(x)BPs two tert-butyl groups are attached to the 3- and 5-
position of the phenyl groups, neither T-shaped interactions
nor -7 intermolecular stacking can occur. We instead propose
that the formation and lateral stabilization of the observed
supramolecular arrangements are mainly mediated via van der
Waals forces between the tert-butyl groups and possibly phenyl
groups of neighboring molecules.”**® Furthermore, the overall
intermolecular theme is consistent with the findings on the
Ag(111) surface discussed above. The observation of the same
square phase of the mixture of 2H-diTTBP(x)BPs on both
surfaces indicates that the long-range order of this phase is
predominantly stabilized by the outer periphery of the mole-
cules and not by the substrate or the number of isoindole
groups.

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

ChemPhysChem 2023, 24, e202300355 (9 of 14)

Figure 4b—c show the corresponding images after this anneal-
ing step, measured at RT. We initially observed no change in
the phases. Long heating, on the other hand, results in the loss
of the stripe phase, leaving the square phase and a disordered
phase on the surface. Finally, we annealed the adsorbed layers
on Cu(111) to 450K for 20 min. Figure S3 shows the STM
images acquired at RT after the annealing process. Remarkably,
no ordered square lattice or stripe phase is observed anymore.
We observed only a disordered phase. We tentatively assign our
observations to a dehydrogenation process within the porphyr-
in yielding the formation of new intramolecular C—C bonds
between the isoindole and the phenyl groups (see refs 202931
and references therein).

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

As a final step, we investigated the adsorption and reaction
behavior of 2H-diTTBP(x)BPs on Cu(110). This surface is
characterized by close-packed Cu rows along the [170]
direction, which yield a unidirectional corrugation. Its open
structure is expected to make the surface more reactive than
Ag(111) or Cu(111), and it has been therefore also selected as a
template substrate.”**? Sub-monolayer coverage porphyrin
films (total surface coverage of ~40%) were deposited onto the
sample at RT, and measurements were carried out also at RT.
Additional measurements were performed after annealing the
sample to 400 or 450 K, and subsequent cooling down to RT.

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

The molecules on Cu(110) are found in two conformations
in Figure 7. The first displays four nearly quadratically arranged
protrusions (indicated by white circles). The second is a peculiar
rectangular shape with six protrusions (indicated by rectangles),
with four dim protrusions at the edges and two dim or bright
protrusions in the center of the molecule. This appearance is
clearly different from the appearance of the molecules in the
stripe phase on Cu(111). It is, however, similar to the
appearance of 2H-tetraphenylporphyrins (2H-TPP) and 2H-
tetranaphthylporphyrins (2H-TNP) on Cu(111),*** which both

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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a: STM-RT

¢: STM-450 K/10 min |
W QP At T ":.

Figure 7. STM images of 2H-diTTBP(x)BPs on Cu(110), as an overview (left, 50x 50 nm?), with close-up (right, 20 x 20 nm?), and with high resolution (bottom
left three, 2.5% 1.86 nm?% bottom-right, 2.5x2.5 nm?), measured at RT. a) Deposition at RT reveals isolated molecules and the formation of short isolated 1D
chains. b) After annealing to 400 K for 5 min and c) 450 K for 10 min, the molecular appearance remains unchanged. The close-up STM images and the high-
resolution images reveal individual isolated molecules with two conformations (measured at RT): a quadratic arrangement of four lobes (white circle or frame)
and rectangular arrangement with six lobes (colored frames). The latter is assigned to an “inverted” structure and has three different appearances (indicated
by different colors). For more details, see text. The white arrows indicate the close-packed Cu(110) substrate directions. The STM images were measured with
Upios between —1.28 and +1.25 V and [, between 195 and 197 pA; for details see Table S1.
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have an inverted structure with two pyrrole groups oriented
nearly perpendicular to the surface. From this similarity, we
propose an inverted structure also for 2H-diTTBP(x)BPs on
Cu(110).

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

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

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

Figure 8. Cutouts (2.5% 1.86 nm? same high resolution images as in bottom row in Figure 7, measured at RT) of the inverted structures in the STM images of
2H-diTTBP(x)BPs on Cu(110) (a-c), along with superimposed scaled molecular models of individual molecules with TWO bright protrusions (a1-a3: left/red
frame; x=4, 3, or 2-trans), ONE bright protrusion (b1-b3: middle/blue frame; x=3, 2-cis, or 1), and ZERO bright protrusions (c1-c3: right/yellow frame; x=2-
trans, 1, or 0), to illustrate the different conformations. Isoindole groups are depicted in orange, and pyrrole groups are depicted in yellow. The individual
molecules are marked with differently colored frames, with the same color code as used in Figure 7; for more details, see text.
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the protrusions are separated by 10 to 12 A, that is, by about
twice the distance than for the “crown-shape” conformation.
We thus tentatively assign the structure with four quadratically
arranged protrusions to a quite different conformation, in which
the isoindole and pyrrole groups are in the plane of the
macrocycle and all phenyl groups bent upward and rotated,
such that one of the bulky di-tert-butyl groups points upward.
With this conformation, the four bright protrusions would be
due to the upward bent tert-butyl phenyl groups. Notably, the
appearance of the quadratically arranged protrusions in Fig-
ure 7 slightly varies from molecule to molecule. Thus, an
unequivocal assignment to the different 2H-diTTBP(x)BPs spe-
cies is not possible, and our interpretation of the appearance
with four quadratically arranged protrusions in the STM images
must remain speculative. We also cannot draw conclusions
concerning potential self-metalation of the molecule with Cu
adatoms: While for Cu(111) self-metalation typically leads to the
formation of long-range orders island of  the
metalloporphrins,®>272?? this is not the case on Cu(110), where
both 2H-diTTPBP and Cu-diTTPBP is observed as individual
isolated molecules.”

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

Conclusions

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

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

ChemPhysChem 2023, 24, €202300355 (12 of 14)

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

In contrast, on Cu(110), 2H-diTTBP(x)BPs adsorb as isolated
molecules or dispersed short (two to three molecules long)
one-dimensional chains along the [170] substrate direction that
coexist with isolated individual immobile molecules; this
structure remains intact up to 450 K. The individual molecules
display two conformations. The first is a peculiar rectangular
shape with four dim outer protrusions and two dim or bright
central protrusions, indicative of an “inverted” conformation of
the molecules. The second displays four (nearly) quadratically
arranged protrusions for the individual molecules, and is quite
different from the crown-shape appearance on Ag(111) and
Cu(111); we tentatively attribute it to a structure, in which the
isoindole and pyrrole groups are in the plane of the macrocycle
and all phenyl groups are bent upward and rotated such that
one of the bulky di-tert-butyl groups points upward.

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

Experimental

All experiments, sample preparations, and STM measurements were
performed in an ultrahigh vacuum (UHV) system with a base
pressure in the low 107'° mbar regime. The preparation of the
Ag(111), Cu(111), and Cu(110) surfaces was done by sequential
cycles of Ar* ion bombardment (600 or 700eV) followed by
annealing at 850 K. STM was performed using an RHK UHV VT STM
300 operated at RT, with RHK SPM 100 electronics. All STM images
were obtained with a manually cut Pt/Ir tip, in constant current
mode. The denoted bias voltages refer to the sample. The STM
images were processed with the WSxM software. For noise
reduction, moderate filtering (background subtraction, Gaussian

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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smoothing) was applied.?” The 2H-diTTBP(x)BPs molecules were
deposited onto the substrates held at RT using a home-built
Knudsen cell with the crucible at 651-662 K. The STM measure-
ments were typically initiated 1-2 h after preparation.

Notes
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Figure S1. Extended version of Figure 4 for 2H-diTTBP(x)BPs on Cu(111) measured at RT. For more details, see
text. The white arrows indicate the close-packed Cu(111) substrate directions. The STM images were measured
with Upies between -1.59 and 1.26 V and /s.: between 88.9 and 299 pA; for details see Table S1 in the SI.



Figure S2. High resolution STM image of the square phase of 2H-diTTBP(x)BPs on Cu(111) measured at RT (left,
10 x 10 nm?; for details see Figure 4a-c), and cutout STM images (right-top; 1.8 x 1.8 nm?) overlaid with the
proposed scaled molecular models (right bottom). Each molecule is characterized by four protrusions. The bright
protrusions are assigned to upward bent isoindole groups (orange), and the dim protrusions to upward bent
pyrrole groups (yellow). Individual molecules (x = 0, 2-cis, or 4) are marked with different color code (circles and
frames). The proposed molecular model depicts a “crown-shape” conformation; for more details, see text. The
STM image was measured with Upiss = -1.58 V, Iser = 294 pA; for details see Table S1 in the SI.

Figure S3. STM images of 2H-diTTBP(x)BPs on Cu(111) after annealing at 450 K for 20 min and measured at RT,
as overview (left, 50 x 50 nm?), close-up (middle, 20 x 20 nm?), and with high resolution (right, 10 x 10 nm?). The
STM images show the conversion of square and stripe phases (observed at lower temperatures — see Figure 4)
into a disordered phase. For more details, see text. The white arrows indicate the close-packed Cu(111) substrate
directions. The STM images were measured with Upigs = -1.01 V and /s: = between 291 and 294 pA; for details
see Table S1 in the SI.



Table S1. List of STM images in Figures 2-8 and Figures SI1-3, along with their tunneling parameters and File

IDs.
. STM File IDs
Figures Method Upias [V, lset [PA] YYMMDD_##-##
2aL ST™ 1.25, 188 190130_28
2aM ST™ 1.88, 89.3 190131 39
2aR/(3a) STM 1.88, 89.3 190131_40
2bL ST™ 1.0, 96.5 190201_20
2b M ST™ 1.88, 201 190204 _48-53
2bR/ (30) ST™ 1.88, 201 190204_58-77
4aL STM 1159, 188 190123 01
4aM ST™ 10,299 190122 07
4aR/(6) ST™ 10,297 190121 38
abL ST™ 0.98,97.7 190124 _206
4b M STM 1.26,95.7 190109_42
bR ST™ 0.98, 96.1 190124_160
acl ST™ 1158, 294 190110_35
4cM/ (S12) ST™ 1158, 294 190110_30
AcR STM -1.54, 200 190109 59
51T ST™ 10,297 190121 38
5 M-T ST™ 1.0, 293 190121 96
5RT ST™ 1.0, 293 190121_71
518 STM 10,297 190121 38
5M-B ST™ 10,298 190121_101
5R-B ST™ 10,297 190121 59
7aL ST™ 1.25,195 190225 08
7aR STM 10,195 190222 84
7b L ST™ 127,196 190225 _44
7b R ST™ 127,197 190225 _46
7cL ST™ 11.28, 195 190226_25
7cR STM 11.28, 196 190226_26
7B (B-L-three; B-R) / (8) | ST™ 1.27, 194; -1.25, 197 190222_70; 190225_25
S1a ST™ 1159, 188 190123 01
S1b ST™ 10,297 190121 38
S1c STM 1156, 88.9 190122_20
51d ST™ 10,29 190121_40
S1e ST™ 10,299 190122 07
S1f ST™ 0.98,97.7 190124 _206
S1g STM 0.98, 96.1 190124 _158
s1h ST™ 1.26,95.7 190109_40
S1i ST™ 0.98, 96.1 190124_160
5 1] ST™ 1.26,95.7 190109 _42
S 1k STM 2158, 294 190110_35
T ST™ 1158, 294 190110_26
S 1m ST™ 1158, 294 190110_24
S1n ST™ 1158, 294 190110_30
510 STM -1.54, 200 190109 59
S3L ST™ 1,01, 294 190128_12
S3M/R ST™ 101, 291 190128 08

Top =T, Bottom = B, Left = L, Middle = M, and R = Right




