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Abstract: Molecular engineering of low-dimensional materials exploiting
controlled self-assembly and positioning of individual atoms or molecules
at surfaces opens up new pathways to control matter at the nanoscale.
Our research thus focuses on the study of functiona molecules and
supramolecular architectures on metal substrates. As principal experimental
tools we employ low-temperature scanning tunnelling microscopy and
spectroscopy. Here we review recent studies in our lab at UBC: Controlled
manipulation of single CO molecules, self-assembled biomolecular
nanogratings on Ag(111) and their use for electron confinement, as well as the
organisation, conformation, metalation and electronic structure of adsorbed
porphyrins.

Keywords: nanochemistry; self-assembly; scanning tunnelling microscopy;
supramolecular engineering; surface chemistry; porphyrin; methionine.
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1 Introduction

The handling and control of meatter at the atomic and molecular scale is crucid
for the advancement of nanoscale science and nanotechnology. The key objective of our
research is the control of functional molecules and their embedding in molecular
nano-architectures at well-defined substrates. To this end we apply both molecular
manipulation techniques and principles from supramolecular science enabling a high
degree of structural organisation within the nanoregime [1]. In particular, we employ
appropriately designed molecular building blocks for the modular aufbau of functiona
architectures and nanostructures from organic species and metal atoms at well-defined
surfaces. Our studies put emphasis on nanochemistry, self-assembly and supramolecular
engineering. This work is highly interdisciplinary, integrating aspects from physica
nanoscience, supramolecular chemistry, physical chemistry, surface chemistry and
physics, and materials research. These activities contribute to the development of novel
bottom-up fabrication techniques, functional materials and future device concepts [2—4]
(cf. Figure 1).

We concentrate on atomistic studies of both single complex molecular species and
organised molecular assemblies by temperature-controlled scanning tunnelling
microscopy (STM) and spectroscopy (STS), complementary integral tools and theoretical
modelling. STM is a primary experimental tool for the observation and manipulation of
matter at the atomic scale and, as such, was instrumental in establishing the field of
nanoscience and technology [5]. The unparalleled spatial resolution and versatility of
STM provide unique opportunities for the exploration of single molecules [6].
These attributes were enhanced with the full development of molecular manipulation,
chemical modification and STS capacities [7]. In the following we provide exemplary
illustrations how to use STM for a comprehensive understanding of molecular
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recognition and self-assembly at surfaces, and to develop suitable design strategies for
novel supramolecular architectures and functional nanosystems.

Figurel Two approachesto control matter at the nanoscale. For top-down fabrication, methods
such as lithography, writing or stamping define the desired features. Bottom-up
techniques exploit self-processes to achieve regular supramolecular architectures from
the atomic to the mesosopic scale. Shown (clockwise from top) are a nanomechanical
electrometer obtained by electron-beam lithography, patterned films of carbon
nanotubes obtained by microcontact printing, a carbon nanotube connecting two
electrodes, a nanoporous Fe-carboxylate network obtained by metal-directed assembly,
and a12 A periodicity superlattice formed by individual Fe atoms on Cu(111) at
T =10K [8]. Adapted from [3] (for colours see online version)

mim

Am

2 Writing with single molecules

The precise manipulation of individual atoms and molecules, made possible by the
progress in STM instrumentation and the development of various manipulation
procedures, is a most fascinating and relevant task in nanoscale science. It allows not
only to structure and modify matter on the atomic scale, but also grants access to basic
physical properties of such artificial nanostructures: Highlights include the positioning of
single adatoms and molecules [9-14], induced chemical reactions [15], tip-induced field
modulation of adsorbed single molecules [16] or conformational changesin large organic
molecules [17-21]. These studies open up the possibility to study the interaction of an
artificial nanostructure with its surrounding, as demonstrated already in early experiments
on the impact of quantum corrals on the surface electronic structure [22] or in more
recent experiments focused on the modification of the electronic structure of adsorbates
[23], molecule-metal contacts [24—26] or metal chains[27].

While high resolution imaging of surface structures and adsorbates by STM is a
standard procedure nowadays, there are still not too many research groups which can rely
on instrumentation (apparatus, electronics and software) that fulfils the high requirements
necessary for a controlled, reliable and fast manipulation of single adsorbates. Thus, the
manipulation experiments of carbon monoxide on a Cu(111) surface presented in this
section, are used to demonstrate the capabilities of our low-temperature STM setup.
Since the positioning of small molecules by STM on metal surfaces relies on established
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procedures [11-13,28-30], the CO/Cu(111l) system represents an ideal test case.
In addition, CO on Cu(111) represents a marker to determine adsorption sites of other
adsorbates (see Section 3.3).

Figure 2(a) shows the Cu(111) surface after a minute exposure to CO dosed in situ at
a sample temperature of 18 K. Each depression corresponds to a single CO molecule
imaged with a bare metal tip. This inverted contrast is well explained by different
tunnelling channels between sample, molecule and tip [31,32]. It is interesting to note
that picking up a CO molecule by vertical manipulation changes the imaging mechanism
completely [13]: CO molecules are now imaged as sombrero shaped protrusions
(see Figure 2(b)). Additionally, the CO functionalised tips guarantee an increased
resolution.

Figure2 Controlled manipulation of single CO molecules by the STM. (a) Randomly distributed
CO molecules deposited on Cu(111) at 18 K. Imaged by a metal tip, the CO molecules
appear as depressions. (b) Picking up a single molecule by applying a vertical
manipulation procedure results in an inverted contrast. (c) Tip tragjectory during a
manipulation of a CO molecule over 3 nm. Each saw tooth segment represents ajump
from one substrate |attice site to the next (approximately 2.5 A). (d) Snapshots during
the writing of the letters CFl by lateral manipulation. A movie displaying the complete
assembly processis accessible at http://www.phas.ubc.ca/~stm. (€) The fina result:
Every blue spot represents a single CO molecule adsorbed on an ‘on top’ site of the
Cu lattice. The letters are amere 2 nm wide (for colours see online version)

f_:_:|....r.l O
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In order to assemble artificial CO structures we applied a lateral manipulation procedure,
where the molecule is moved by interactions with the STM tip. A typical manipulation
includes the following steps:

e Thetipispositioned behind the target molecule and approached close to the surface
by applying small bias voltages (50 mV) and large tunnelling currents (80 nA).

e Thetipistrandated along aline towards the desired final position. Short range
forces between the CO and the tip induce sudden hops of the molecule. These jumps
from one | attice site to the next can be observed in the tip height. Figure 2(c) shows
the saw tooth trajectory of the vertical tip position while a CO molecule was moved
over 12 |attice sites a ong a close-packed Cu row.
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e Atthetarget position, thetip is again retracted by changing back to the imaging
parameters. A subsequent image is taken to check if the manipulation was
successful. While in general the manipulation efficiency strongly depends on the
STM tip, decent tips yield a success rate of over 90%.

The image sequence displayed in Figure 2(d) presents some snapshots during the
writing procedure of the letters CFl (short for Canada Foundation for Innovation).
The high-resolution image in Figure 2(e) shows the final step of the manipulation
process. Every blue spot is a single CO molecule adsorbed on an ‘on top’ position of the
underlying Cu substrate lattice. Thus, for example the separation of two CO moleculesin
the letter ‘I’ is a mere 5A. The successful assembly and imaging of this artificial
nanostructure demonstrates the high stability and performance of the low-temperature
STM at UBC.

3 Supramolecular engineering

Figure 3 introduces a series of the molecular building blocks employed for our studies.
On the one hand we apply the amino acid methionine to self-assemble highly regular
nanogratings (Section 3.1). As illustrated in Figure 3(a) the neutral gas phase
configuration of this small biological molecule is characterised by its functional groups
(i.e., carboxylic and amino group) and the sulphur atom in the side chain. Due to their
inherent importance for molecular recognition and self-assembly amino acids such as
methionine represent an important class of building blocks for molecular architectures
on surfaces [33-37]. Moreover, studying the interaction between biomolecules and
solid surfaces is decisive for the development of biosensors or biocompatible materials
[38-40Q].

Figure3 Structural models of the functional building blocks applied for molecular self-assembly
as discussed in this review. (a) The amino acid methionine in its neutral gas phase state
with colour coded atoms: the length of the molecule along its side chain is around 8 A.
(b) Free base tetrapyridyl-porphyrin (H,-TPyP). The arrows indicate a possible
nonplanar distortion of the molecular core and arotation of the meso-groups as
discussed in the text. (c) Metalated tetraphenyl-porphyrin (M-TPP). The circles
highlight the different endgroups, which control the self-assembly behaviour asit will
be discussed in Section 3.2 (for colours see online version)

Porphyrins, as the second set of complex species under investigation, exhibit an
intriguing variety of functional properties, which are exploited in both biologica and
artificial systems [41]. Thus, these versatile molecules are promising units to assemble
functional layers and nanostructures on surfaces, specifically opening new opportunities
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to build sensors, and nanoscale optical and magnetic materials [42,43]. As illustrated in
Figure 3(b) and (c), the functionality and self-assembly of tetraarylporphyrinsis based on
three main features:

e  The porphyrin core can host a wide range of metals, which present active sites to
reversibly form porphyrin-ligand complexes [44,45].

e Porphyrins with awide variety of meso-substituents can be synthesised.
They co-determine the molecules’ functional properties and render building blocks
for metal-organic networks in solid state chemistry [46] and 2-D molecular
engineering [3,47-52].

e Theflexibility of the porphyrin core and the rotational degrees of freedom of the
meso-groups alow for a conformational adaptation of the molecule to itslocal
environment [48,53] and their considerate manipulation [20,54,55].

In Section 3.3 we present results on self-assembled porphyrin layers, address their
molecular conformation, and report a molecular-level investigation on anovel scheme for
the fabrication of metallo-porphyrins (Section 3.4).

3.1 Zwitterionic self-assembly of methionine on Ag(111)

Upon deposition of small methionine concentrations, STM observations show
one-dimensional features on Ag(111) terraces, reflecting molecular self-assembly.
This is illustrated by the image reproduced in Figure 4(a), taken for a coverage of
&0.05 ML, showing 1D arrangements with discrete widths of 19 and 38 A, respectively.
Moreover, molecular chains exhibit striking extensions, for instance the length of the left
methionine stripe exceeds 180 nm. Three different orientations are found which follow
the close-packed <110> high-symmetry substrate orientations (cf. the inset in Figure 4(a)
where the atomic structure of the Ag(111) lattice is depicted). This is a first
indication that site-specific bonding at the surface is decisive in the observed methionine
self-assembly scenario. The molecular surface concentration plays an important role in
the mesoscopic ordering and domain formation of the molecular stripes. While at low
concentrations any chain orientation along the close-packed of the substrate is
equiprobable, beyond a critical coverage of 40.10 ML domains with mutual alignment
appear (cf. Figure 4(b)), i.e., there is a mesoscopic ordering of the methionine stripes.
In the data depicted in Figure 1(c) the interstripe distances are in the 85-190 A range, and
their correlated orientation signals repulsive long-range interactions (presumably
resulting from the modified surface electronic structure in the presence of the molecular
chains[4,56]).

Upon further increasing the coverage the mesoscopic ordering becomes more regular.
Thus tunable and regular nanogratings can be fabricated. Figure 4(b) and (c) show two
corresponding examples for coverages of 40.15 and &0.38 ML, respectively. In both
preparations all stripes have a single width of 38 A. The grating periodicity is 275 A
(standard deviation o =40 A) in Figure 4(b) and 94 A (o =9 A) in Figure 4(c). Only
with coverages exceeding approximately 0.65-0.70 ML, two-dimensional molecular
islands evolve (cf. Figure 4(d)).

The nanogratings order in extended domains that can be as large as several tens of
um® An interesting application for these regular nanogratings with tunable spacing
constant could be their use as templates for the design of functional linear arrangements
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such as nanowires. The thermal stability of the nanogratings has been studied by STM for
this purpose, the outcome being that they are stable up to room temperature, with
molecular desorption occurring only above ~370 K.

Figure4 Tuning the self-assembly of one dimensional methionine nanogratings. (a) STM image
showing the extended one dimensional chains following the close-packed orientations
of the substrate (1 = 0.7 nA, U = =120 mV) at very low coverage (© ~ 0.05 ML).
Inset: atomic resolution of Ag(111). (b) Chains aligned in parallel to form a grating with
aperiodicity of 275 A (6=40A,1=0.8nA, U=-800mV, © ~0.15ML). (c) 94 A
(o=9A) periodicity (I =0.1nA, U =-500mV, © ~0.38 ML). (d) Coalescing chains
at higher coverage (I = 0.11 nA, U =-250 mV, © ~ 0.75 ML). (e) Histogram of the
interchain spacing as function of the molecular coverage (for colours see online
version)

10 : 166
Interchain spacing (&)

The high-resolution STM data in Figure 5(a) reveal the methionine positioning within the
supramolecular structures. The stripes comprise elliptical features with along axisof 8 A,
which corresponds to the dimension of a single molecule aong its side-chain
(cf. Figure 3(a)). Accordingly, these protrusions are identified with individual molecules
bonding in a flat configuration to the surface. The long axis of the methionine ellipses
encloses an angle of 60°+5° with respect to the stripe orientation. Moreover, the
separation between two adjacent molecules in this direction amounts to 5.8 A.
This corresponds to twice the Ag(111) surface lattice constant, i.e., the substrate atomic
|attice also dictates the row periodicity. XPS measurements allow to clarify the chemical
state of the amino acid moiety and show that it adsorbs in its zwitterionic state containing
apositively charged ammonium group NH; and a carboxylate group (COO") [56-58].
The molecular resolution data demonstrate that the methionine stripes consist of
either double or quadruple molecular rows, where the methionine is oriented at specific
angles with respect to the stripe direction. In both cases the same pairing scheme of the
molecules can be discerned. This strongly indicates that the reactive amino groups
mediate dimerisation. In Figure 5(@) we depict a tentative model for the paralel
molecular configuration, where amino-amino dimerisation and lateral coupling is
accomplished through hydrogen bonding involving the ammonium and carboxylate
groups. A related zwitterionic bonding scheme was identified in the formation of layered
amino acid crystals, where it is associated with appreciable bonding energies [59,60].
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Figure5 (@) High-resolution scanning tunnelling microscopy image of atwin chain segment
stabilised by the zwitterionic-bond motif illustrated by the overlaid structural models
(I=0.9nA, U =-80mV). (b) Total energy map for two interacting methionine
moleculesin an antiparallel configuration obtained with molecular mechanics
calculations. The colour scale indicates total energy of the system vs. the relative
position (X, y) between the two molecules. This calculation confirms the amino
dimerisation through zwitterionic bonding of self-complementary carboxylate and
ammonium groups (adapted from [56]) (for colours see online version)
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In order to corroborate the suggested zwitterionic 2D H-bonding scheme, molecular
mechanics cal culations were performed for a pair of methionine molecules confined onto
a plane. Only molecule-molecule interactions were taken into account in these
calculations, neglecting the influence of the Ag(111) substrate on the system.
The molecules were taken in their zwitterionic state and conformational changes due to
molecule-molecule interactions were not considered. The STM data demonstrate
that the moleculeslie flat on the substrate. We thus considered a system composed of two
methionine zwitterions, with their geometry independently optimised. The total energy of
the system was determined with respect to the relative position of the two molecules in
the adsorption plane. The total energy map for the molecules in an antiparallel orientation
(i.e., one molecule rotated by 180° on the adsorption plane with respect to the other)
indicates that amino dimerisation involving the carboxylate and ammonium groups is
energetically favourable, supporting our model (see Figure 5(b)). The length of the
resulting dimer is 18 A, which is in good agreement with the experimental data.
The distance between an hydrogen atom of the ammonium group and an oxygen atom of
the facing carboxylate group is 1.7 A, which is in agreement with the hydrogen bond
length of 3D amino acids [60]. Also results for the parallel configuration calculations
show that lateral coupling proposed in our model is also energetically favourable [56].

3.2 Molecular superlattices for electron confinement

In the following we will discuss the application of methionine nanogratings to confine
surface state electrons. Figure 6 gives an overview of the tunable confinement of the
Ag(111) surface electrons by the use of a self-assembled methionine nanograting
discussed above. The electronic structure of the pristine surface (Figure 6(a)) isillustrated
by a STS dI/dV map overlaid on a constant current topograph to emphasise the standing
wave pattern arising from the surface state electron scattering at atomic step edges
[61,62]. The density of states (DOS) in large silver terraces resolved by STS (Figure 6(b))
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shows the characteristic step-like feature (~67 meV below the Fermi level) due to the
onset of the Shockley surface state band [63]. This 2D electron system is confined in one
direction by a methionine superlattice. Figure 6(c) presents an STM topograph of an
exemplary self-assembled grating with 46 nm periodicity. STS spectra taken between the
molecular chains (Figure 6(d)) drastically differ from those of the free surface and
comprise the peaked features typical of an electronic system confined in 1D [64].

Figure6 (a) Topography of Ag(111) surface overlaid with adl/dV STS map in order to enhance
the standing wave pattern of the surface state electrons reflected at the step edges
(1=0.3nA, U =100 mV). (b) STS of the Ag surface state revealing the stepwise onset
in the density of statestypical for a 2D electron gas. (c) Regular methionine grating on
Ag(111) self-assembled at room temperature (I = 0.1 nA, U =-500 mV). (d) Tunnelling
spectrum taken in between the molecular chains demonstrating the 1D confinement of
surface state electrons (adapted from [65]) (for colours see online version)
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The data and analysis presented in Figure 7 detail the properties of the one-dimensional
electronic confinement. The STM topograph in Figure 7(a), which clearly resolves
the individual twin chains, depicts an element of a grating with 6.3 nm periodicity.
In Figure 6(b) we show the corresponding differential conduction map obtained
by measuring a series of tunnelling spectra in the voltage range —100 mV to 250 mV at
100 positions along the grating. The electronic ground level of the surface state at Ey with
its characteristic single node is clearly resolved. Similarly the energy quantisation and
nodal structure of higher levels are directly visualised.

In order to rationalise the system’'s electronic properties the measured quantum
confinement is modelled with a Fabry-Pérot interferometer [66]. For the quantification of
the methionine boundaries scattering properties we calculate the spatial variation of the
surface DOS expressed as [65,66]:

ps.lrf (E,X) = pb +p2%

2 (A-r®)[1+r?+2r cos(qLle, +¢) cos(q(Le, —2X))]
\/kZ_QZ 1+r*—2r? cos(2q L, +2¢)

where k =\/ 2nf (E-E,)/Z?, Lq is the effective resonator width, p,, = m'/(zZ?) is
the DOS of the pristine Ag(111) surface state electron gas, oy, is the bulk contribution to
the DOS E; is the bottom of the surface state band, r the reflectivity and ¢ the boundary

k
xﬁo dg
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phase shift. Systematic parameter variation for a series of resonators revealed that the
reflection plane for the methionine wires is located at centre of the molecular wire i.e.,
Lc; = 6.3 nm for the geometry in Figure 6. The parameters ¢ and r play a very different
role allowing a confident separate fitting procedure of the data [66]. The positions of the
peaks are strongly dependent on the boundary phase shift ¢. Both peak broadening and
oscillation amplitude depend predominantly on the reflection factor r. Altogether the
features of our experimental data are quantitatively reproduced for ¢ = —z and an energy
dependent reflection factor, which was determined to be r 4 0.85 at E, and follows an
empirical 1/E decay law to reach r 40.7 at E,. The methionine boundary reflective
characteristics are thus surprisingly similar to the ones reported for atomic step
edges[66].

Figure7 (@) High-resolution STM topograph of twin chain elementsin a grating with individual
methionine molecules resolved as rod-like protrusions (I = 0.1 nA, U = -500 mV).
Theindicated actual confinement length L; islarger than the topographic width of the
Ag stripe and the effective scattering plane for the electrons, as derived from the
modelling, islocated at the centre of the wire. (b) Corresponding spatially resolved STS
showing the first resonance of the surface state at E,, and the energy level quantisation
and spatial nodes for E > E,. () The onset of the surface state can be continuously
tuned by varying the molecular resonator width L¢; and follows an inverse square law
(blue line, adapted from [65]) (for colours see online version)
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An essential feature of a quantum mechanical particle in a box model is that the energy
levels obey an inverse quadratic dependence law on the confinement length. With the
present self-assembled molecular resonators this can be verified systematically over a
wide range. A compilation of an extensive data set where the surface state onset was
extracted reveds that the confinement characteristics are similar in all self-assembly
regimes described above and follow the expected law: E, = (Z7)?/2nfL2, + Eg, where
Es is the natural onset of the surface state energy band, and m* =0.4m. the
corresponding electron effective mass. Note that for resonator widths L¢; < 3.8 nm the
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first resonance is shifted above the Fermi level, i.e, the surface state is entirely
depopulated, a behaviour similarly observed on narrow Ag(111) terraces [67].

3.3 Tetraarylporphyrins: self-assembly and conformation

Figure 8 shows STM images of the highly ordered layer structure resulting from Ho-TPyP
deposition on Ag(111). The formation of large domains extended over hundreds of nm
even at room temperature indicates a low diffusion barrier of H,-TPyP on Ag(111).
Accordingly, no single molecules can be immobilised even by lowering the substrate
temperature to 100 K during deposition. One observes a staggered arrangement of clearly
resolved molecular units. All molecules within a row following a given direction are
oriented the same way, while this orientation switches in the neighbouring rows.
Consequently, every second row shows the same molecular orientation. This
characteristic pattern evolves in a wide substrate temperature range of 300-500 K.
Figure 8(b) highlights the intramolecular features aready detectable on the rather large
scales of Figure 8(a). Besides the core with a depression in the centre, one can identify
four protrusions forming a rectangle. From the molecular dimensions we assign each
protrusion to one of the pyridyl legs. Thisisin agreement with the generally encountered
paralel adsorption geometry of the porphyrin macrocycle on metal surfaces and
indicates that the pyridyl groups are not oriented perpendicular to the molecular core
(dihedral angle 8+ 90°). The corresponding models in Figure 8(b) clarify the structure
and help to identify molecular features.

We describe this H,-TPyP structure by a nearly rectangular unit cell with a molecule
in every corner and a central molecule in a different azimuthal orientation. The unit cell
parameters are asfollows: b; = 13.9+ 0.2 A, b, =27.4+ 0.2 A, f=93+2°[68].

By checking the registry of the H,-TPyP overlayer with the subjacent Ag(111)
substrate we conclude that the H,-TPyP idlands are not commensurate with the
underlying Ag(111) substrate [68,69]. This means that not every equivalent molecule in
the adlayer unit cell resides on an equivalent substrate lattice site. Accordingly, variations
in the imaging height exist. A close look at Figure 8(a) shows a long-range intensity
modulation, a quasi-hexagonal Moiré pattern with a periodicity of roughly 43 A along the
molecular rows. This indicates that the lateral intermolecular interactions dominate over
site-specific adsorption on the smooth Ag(111) substrate.

The observed molecular packing is in accordance with results from elementary
molecular mechanics calculations, which yield the parallel alignment of the corner
molecules, while the central molecule has a different azimuthal orientation [68]. Thus,
the lateral coupling mediated by the pyridyl groups seems to be decisive for the
molecular packing. Accordingly, a phenyl terminated porphyrin species forms a square
unit cell on Ag(111) exhibiting a single molecular orientation (see below).

After discussing the ordering of H,-TPyP on Ag(111), we now address the imaging of
the molecule's intramolecular features and its conformation. At negative sample bias
voltages where the occupied states of the molecule contribute to the tunnelling current,
the envelope of the molecules defines a rectangle (cf. Figure 8(b)). The reason for this
deviation from a sguare-like geometry is that the pyridyl groups are alternately rotated
out of the porphyrin plane, as depicted in Figure 3(b) and (c) [53,70]. This reduces the
symmetry from square planar (D4y) to D,y and results in two different side lengths S1 and
S2. To interpret the contrast mechanism we simulated STM images based on
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semi-empirical extended Hueckel calculations in the framework of the HyperChem
Package [71]. A constant electron density contour is obtained by integrating over the
relevant molecular orbitals, which mimics a constant current STM image [72]. Similar
methods relating calculated charge density maps of molecular orbitals to experimental
STM data proved to be rather successful [73-76]. Also in our case, the general molecular
appearance can be reproduced surprisingly well, despite ignoring the substrate: we get
some intensity from the core and the legs have roughly the same apparent height
(Figure 8(c), contributing molecular orbitals: HOMO to HOMO-6). These findings
indicate that the molecular orbitals are not too strongly perturbed by the substrate
electrons. Furthermore, the aspect ratio defined as S1/S2 depends sensitively on the
orientation of the pyridyl legs. Consequently, one can employ these simulations in
conjunction with the high resolution STM data to determine the molecular conformation.
To do so, we calculate images for different dihedral angles 6, and extract the aspect ratios
and compare them to the experimenta observations. The best agreement is achieved for a
dihedral angle of 60+ 5° (cf. Figure 8(d)). This value relates well to H,-TPyP dihedra
angle of ~62° in a solid state phase [77] or to 6 of 63° determined by ab initio
calculations for the ground state of a TPP molecule [48]. While a significant distortion of
the porphyrin core is not consistent with our experimental data, a slight nonplanar
deformation cannot be ruled out.

Figure8 (@) The overview STM image of H,-TPyP on Ag(111) shows that the molecules
self-assemble in a staggered arrangement with two distinguishable rows (I = 0.8 nA,
U =-300 mV). Theinset (increased contrast) highlights the quasi-hexagonal Moiré
pattern. (b) The high-resolution image allows to identify intramolecular features
(1=0.7nA, U =-1.2V): Besides the core with a depression in the centre, four
protrusions corresponding to the legs are clearly discernible. The H,-TPyP models
including the unit cell (by, by) highlight the structure and facilitate the identification of
core and terminal pyridyl groups. (¢) STM image simulation based on the semiempirical
extended Hiickel method nicely reflects the rectangular shape of the molecule.
(d) Molecular conformation of H,-TPyP on Ag(111) as determined from a comparison
of simulated images and high-resolution data: The dihedral angle & equals 60 + 5°
(adapted from [68]) (for colours see online version)
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It is very instructive to study the impact of different substrates on the self-assembly and
conformation of Hy-TPyP. Thus, after discussing the H,-TPyP/Ag(111) case in quite
some detail, we will briefly present some comparative results from the H2-TPyP/Cu(111)
system. Figure 9(a) shows a Cu(111) terrace after deposition of a submonolayer coverage
of H,-TPyP at 300 K. One observes a random distribution of single Hx-TPyP molecules,
which indicates that under these conditions Hx-TPyP is not mobile enough to form
isands. This is in striking contrast to the high mobility of the very same molecule
observed on Ag(111) (see Figure 8). The data reveal two bright protrusions in the centre
of the molecule representing a strongly distorted molecular macrocycle. Before
addressing this issue, we briefly discuss the adsorption site of H,-TPyP on Cu(111).
As mentioned in Section 2, CO molecules in a low coverage phase occupy exclusively
‘on top’ positions on the Cu(111) lattice. Additionally, Hx-TPyP and CO molecules can
easily be imaged simultaneously by STM. Thus, CO molecules act as excellent markers
to determine the adsorption site of H-TPyP on Cu(111). By matching a hexagona grid
representing the Cu(111) lattice with the position of the CO molecules, one can conclude
that the H,-TPyP molecules are centred on ‘bridge’ sites, irrespective of which of the
three azimuthal orientations they follow [78]. Thus, Hx-TPyP clearly locks into a
commensurate adsorption site on Cu(111), again in strong contrast from what was
observed on the less reactive Ag(111) substrate.

Figure9 (a) STM image of H,-TPyP on Cu(111) upon adsorption at 300 K showing single,
immobile and strongly distorted molecules. (b) Coexistence of H,-TPyP with randomly
distributed Fe momomers added in-situat T < 10 K. (c) At T ~ 15 K Fe adatoms freely
migrate and exclusively attach to the pyridyl groups of the stationary H,-TPyP
molecules. This points to the high affinity of the N containing ligands towards metal
centres. The three main stages of this experiment are schematically illustrated in the
column ontheright (a, b, csamesize,a 1 =0.35nA,U=-1.1V b: 1 =0.2nA,
U=30mV,c:1=0.2nA, U=20mV) (adapted from [78]) (for colours see online
version)
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The strong binding of H,-TPyP to Cu(111) seems to be triggered by a considerable
interaction of the N containing pyridyl groups with Cu. Indeed the N adatoms are pulled
towards the substrate, inducing a saddle shaped deformation of the macrocycle, which
results in the two bright central lobes observed in the images [69,70,79]. Another hint
pointing to the strong interaction between the terminal pyridyl groups and metal atoms
comes from the experiment presented in Figure 9. In this case single Fe monomers were
added in situ at cryogenic conditions (<10 K) (Figure 9(b)). At T~ 15K the Fe atoms
start to move and are selectively captured by the pyridyl ligands of the stationary
H>-TPyP (Figure 9(c)) [78].

3.4 Controlled metalation of porphyrin nanoarrays

In the following we return to the system H,-TPyP/Ag(111) to study a very different
reaction scheme including the porphyrin macrocycle and metal centres:. we examine the
reactivity of the well defined Ho-TPyP precursor layer toward Fe atoms provided by an
atomic beam (cf. Figure 10(a) and (b)). Upon exposure to minute amounts of Fe at 320 K
the appearance of individual molecules changes drastically: STM images recorded at
negative sample voltages show that a unique new species evolves, which is imaged
brighter, with an increased apparent height of 0.7 A compared to the H,-TPyP precursor
layer. Instead of the depression in the centre, this species exhibits a centra rod-like
protrusion (412 A long) which is aways oriented along the molecular symmetry axis
(here defined parallél to the short side of the rectangular envelope) and comprises two or
three corrugation maxima. The number of modified molecules directly correlates with the
Fe dose. Our data clearly revea a preserved 2D TPyP layer structure, where exclusively
the central porphyrin moieties undergo drastic changes. From now on we tentatively refer
to the modified molecular species as Fe-TPyP.

Higher Fe doses allow the formation of regular Fe-TPyP arrays, where the alternating
orientation of the Fe-induced features nicely reflects the orientation of the H,-TPyP
template layer (cf. Figure 10(b)). The apparent height of the Fe-TPyP molecules as well
as the corrugation within the layer depends on the sample bias voltage. Under typical
imaging conditions (U = —1 V) we measure an apparent height of 1.9 A and a corrugation
of 0.7 A, respectively. Figure 10(d) shows height profiles along the molecular axis of two
Fe-TPyP molecules in the same row. As mentioned before, between two and three
protrusions are observed. This variation in the topographic appearance is due to the
non-commensurability of the molecular layer on Ag(111) which induces subtle
long-range height modulations as discussed above.

In order to investigate the nature of the Fe-TPyP molecules and to rationalise the
origin of their drastically modified appearance in the STM topography we performed
comparative experiments with Fe''-tetraphenylporphyrin (Fe-TPP) layers self-assembled
on Ag(111). TPP consists of a central porphyrin macrocycle and four termina phenyl
rings, and thus closely resembles TPyP. Each Fe-TPP comprises a Fe' centre in the
porphyrin plane (cf. inset Figure 10(c)) [80]. The self-assembly of this species on
Ag(111) can be conducted with similar procedures as those employed for Ho-TPyP.
An example for a highly regular Fe-TPP layer on Ag(111) is reproduced in the STM
image in Figure 9(c). These data expose a striking similarity of the intramolecular
features dominated by the porphyrin cores comprising the iron with the Fe-TPyP species
shown in Figure 10(a) and (b). Again, the topographic appearance is dominated by two or
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three protrusion along the molecular axis. The height profiles in Figure 10(e) accentuate
this close resemblance.

Figure 10 (a) Exposing the H,-TPyP precursor layer to abeam of Fe atoms drastically altersthe
shape of individual molecules. The apparent height of the modified speciesincreases,
resulting in a brighter appearance in the STM images. By increasing the Fe dose,
their number can be tuned from zero to full saturation (b). Asindicated by the unit cell,
the molecular packing scheme remains unaffected by the reaction. (a: | = 0.85 nA,

V =-300mV, b: 1 =0.65nA, V =-400 mV,). (c) STM image of an Fe-TPP island
exhibiting a molecular packing scheme described by a square unit cell with side lengths
b,=b,=143+0.1A (I=0.65nA, U=-0.8V). Theinset shows amodel of aFe-TPP
molecule placed in the same azimuthal orientation as the Fe-TPP'sin the STM image,
the central Feionis coloured in red. The close resemblance to the topography

of Fe-TPyP (b) is highlighted by the height profiles shown in (d) for Fe-TPyP and in (e)
for Fe-TPP. Because of the non-commensurate nature of the porphyrin layers,
along-range height modulation of the molecular appearance isinduced. Asa
conseguence of the respective different substrate registries the porphyrin cores are
imaged with two to three maxima along the molecular axis (adapted from [79])

(for colours see online version)
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The data in Figure 10(c) reveal that regular Fe-TPP layers on Ag(111) exhibit a packing
scheme with a correlated single azimuthal orientation of the molecules with respect to
substrate high-symmetry directions. This distinction to the TPyP case arises from
different lateral interactions due to a changed reactivity of the phenyl endgroups in
comparison to the pyridyl substituents. The square unit cell (side length
by=b,=143+0.1A) we observe agrees with observations of related metal-TPP
molecules on close-packed noble metal surfaces[81,82].

The isostructural intramolecular features in the Fe-TPyP- and Fe-TPP-layers are a
strong indication that in both cases genuine Fe'-porphyrin species are present.
The appearance of the Fe-porphyrins revealing an apparent symmetry break characterised
by the pronounced protrusions along the molecular axis is associated with a nonplanar
geometry of the porphyrin macrocycle. While undistorted porphyrin species feature a
four-fold symmetric core appearance (cf. Figure 3(b) and (c)), nonplanar deformations
result in pronounced protrusions establishing a two-fold symmetry of the porphyrin
macrocycle [48,54,55,83]. Fe-tetraarylporphyrin species with a saddle shape are
well-known and can serve as a tentative explanation of the observed features [84,85].
In this nonplanar deformation one opposing pair of pyrrole rings tilts up, while the other
pair tilts down. Judging from the molecular dimensions the two outer protrusions
originate from the upwards bent pyrrole pair, while the central protrusion relates to the
Feion. The fact that the terminal groups are alternately rotated out of the porphyrin plane
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alows only one pyrrole pair to tilt up, while the other pair is hindered by steric repulsion
between hydrogen atoms of the ring and the terminal groups. Thus, we observe the
protrusion exclusively along a specific symmetry axisin the 2-D porphyrin layers.

Figure1l (a)—(c): Chemical sensitivity through bias-dependent imaging of H,-TPyP and Fe-TPyP.
The relative apparent height and appearance of Hy-TPyP and Fe-TPyP is strongly bias
voltage dependent due to metal ation induced modifications of the molecular electronic
structure, as outlined in d and e. While the Fe-TPyP species appears brighter than
H,-TPyP at negative sample voltages (cf. Figure 10(a)), an inverted or vanishing
contrast can be established by tuning the tunnelling voltage to specific positive values.
The green circle highlights the position of one specific Fe-TPyP molecule (see text for
full discussion). All three images are taken at a set point current of 0.71 nA. (d)—(e):
Unoccupied electronic states of H,-TPyP, Fe-TPyP and Fe-TPP: (d) Tunnelling spectra
taken on bare Ag(111) patches show the pronounced step-like onset of the density of
states at ~—67 meV associated with the surface state of the pristine substrate.

The surface state is quenched upon H,-TPyP adsorption, whereas a peak associated with
the lowest lying unoccupied molecular orbitals (LUMOs) appears. The two spectra

are shifted by avertical offset for clarity. (€) The comparison of the H,-TPyP with the
Fe-TPyP and Fe-TPP tunnelling spectra reveals an energetic upward shift of the
LUMOs which appear for both Fe-porphyrins at an energy of roughly 1000 meV.

The plotted spectra represent a sum over several identical molecules aswell as a spatial
average over different spots on amolecule. The yellow arrows indicate the bias voltages
used to acquire the images a), (b) and (c), respectively (adapted from [79]) (for colours
see online version)
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The conclusions drawn from the structural analysis are substantiated by STS observations
which elucidate the electronic properties of the different (metallo-)porphyrin species.
The data in Figure 11(d) reved that the step-like increase in the STS spectra resulting
from the onset of the Ag(111) surface state at an energy of .67 meV [86,87] disappears
upon the formation of the pure H,-TPyP layers. The latter exhibit rather a pronounced
feature at +740 meV associated with the TPyP's two lowest unoccupied molecular
orbitals (LUMOs), which are energetically very close in the isolated porphyrin molecule
[88,89]. By contrast, the Fe-TPyP and Fe-TPP LUMO levels shown in Figure 11(e) are
shifted towards higher energies and are found at 990 meV and 1020 meV, respectively.
This upward shift is in agreement with spectroscopic observations [90] and theoretical
calculations [89]. It arises from the interactions between the LUMOs and the filled d,
metal orbitals and has a direct impact on the topographic imaging of H,-TPyP and
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Fe-TPyP in constant current STM images (cf. Figure 11(a)—(c)). At negative
sample voltages the Fe-TPyP molecules appear brighter than the H,-TPyP species
(cf. Figures 10(a) and 11(a)), while tuning the sample voltage to a positive value between
the H-TPyP and Fe-TPyP LUMO energies results in a contrast inversion (Figure 11(b)),
as the Fe-TPyP LUMO does not mediate electron tunnelling. At voltages well above the
upshifted Fe-TPyP LUMO levels (Figure 11(c)) the two porphyrin species are essentially
indistinguishable, in full agreement with the spectroscopic data. The voltage-dependent
topography of Fe-TPP is very similar to that of Fe-TPyP. The amost identical LUMO
shift for both Fe-TPyP and Fe-TPP (cf. Figure 11(e)) is ascribed to the fact that these
molecular orbitals have magjor electron densities only at the porphyrin core [83], whence
there energeticsis hardly affected by the different meso substituents [49,89].

Thus both the structural analysis and the electronic structure characteristics of the
three porphyrin species evidence a metalation reaction upon exposing adsorbed H,-TPyP
to Fe atoms. This implies that the metalloporphyrin formation readily occurs in situ on
the surface. The methodology described is expected to provide a basis for the synthesis of
high-purity metalloporphyrin nanostructures on surfaces, which could not be obtained by
conventional methods as organic molecular beam epitaxy or deposition in solution, due to
alimited thermal stability and/or high reactivity of specific metalloporphyrins.

4 Conclusions

Summarising, we expounded exemplary STM and STS studies addressing molecular
recognition and self-assembly on metal surfaces. Following the demonstration of
controlled manipulation on the atomic scale to build artificial nanostructures, we focussed
on the self-assembly of highly ordered structures from functional molecular building
blocks: Methionine on Ag(111) provides the possihility to realise extended biomolecular
nanogratings with tunable periodicity. Notably we employed these stable gratings as
confinement structures for surface state electrons. The analysis of tetraarylporphyrin
layers reveals that STM is not only capable of imaging self-assembly characteristics, but
also grants access to the molecular conformation and electronic structure of the adsorbed
species. Furthermore we reported a new bottom-up approach for the fabrication of
metallo-porphyrin architectures on surfaces via in situ metalation. The presented
investigations illustrate that supramolecular design of low-dimensional materials on
surfaces bears promise for nanotechnology.
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