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Abstract

A molecular model system of tetraphenyl porphyrins (TPP) adsorbed on metallic substrates is
systematically investigated within a joint scanning tunnelling microscopy/molecular modelling
approach. The molecular conformation of TPP molecules, their adsorption on a gold surface
and the growth of highly ordered TPP islands are modelled with a combination of density
functional theory and dynamic force field methods. The results indicate a subtle interplay
between different contributions. The molecule—substrate interaction causes a bending of the
porphyrin core which also determines the relative orientations of phenyl legs attached to the
core. A major consequence of this is a characteristic (and energetically most favourable)
arrangement of molecules within self-assembled molecular clusters; the phenyl legs of adjacent
molecules are not aligned parallel to each other (often denoted as 7—m stacking) but
perpendicularly in a T-shaped arrangement. The results of the simulations are fully consistent
with the scanning tunnelling microscopy observations, in terms of the symmetries of individual
molecules, orientation and relative alignment of molecules in the self-assembled clusters.

This article features online multimedia enhancements

(Some figures in this article are in colour only in the electronic version)

0957-4484/09/275602+10$30.00 1 © 2009 IOP Publishing Ltd  Printed in the UK


http://dx.doi.org/10.1088/0957-4484/20/27/275602
mailto:ghoffman@physnet.uni-hamburg.de
http://stacks.iop.org/Nano/20/275602

Nanotechnology 20 (2009) 275602

J Brede et al

Figure 1. Chemical structure of TPP. The molecules have an inner
porphyrin core which hosts a metallic centre (M = Co, Cu) or two
hydrogen atoms. The porphyrin core can be planar or bent in a saddle
conformation. Attached to the core are phenyl rings, which are
terminated by H or by an additional substituent R (R = MeS or Br).
These phenyl rings are rotatable along their axes. ‘0°,°1” and ‘2’
denote positions in the porphyrin core that are relevant for the
discussion of the results of molecular modelling.

1. Introduction

An important goal in future nanoelectronics is the
miniaturization of electronic circuits and other electronic
elements to molecular sizes. Besides the reduction in size,
usage of single molecules as isolated functional entities gains
potentially from a rational design by synthetic means [1]. It is
hoped that this approach may lead to advanced opportunities
in steering the growth behaviour and other physical properties
of molecular assemblies. To this end, however, a detailed
understanding of the interaction of such molecules among each
other and with their surroundings is of utter importance. This
is particularly true for the influence of the substrate on the
conformational and electronic properties of a given molecular
system.

Due to their extended m-systems and flat architectures,
polyenic and aromatic compounds have often been studied
as molecular layers on metallic surfaces. = Within this
class, porphyrins and metalloporphyrins are preferentially
investigated; as these compounds are very robust, poly-
functional, volatile and readily available with a range of
different electronic and steric properties. Specific questions
of modern physics can therefore be addressed by investigating
monolayers of tailor-made porphyrins deposited on a solid
substrate. Evidence has been provided by local experiments
such as scanning tunnelling microscopy (STM) and volume
averaging techniques such as near-edge x-ray absorption fine
structure spectroscopy that indeed the molecular conformation
of porphyrins on metallic substrates deviates from their known
shapes in bulk systems [2—4].

The general chemical structure of tetraphenyl porphyrin
(TPP) molecules is shown in figure 1. TPP molecules have
a porphyrin core with a fourfold symmetry. The centre can
host two hydrogen atoms or a metallic ion. The oxidation
state, reactivity and electronic properties of the porphyrin
moiety are relevant for many biological functions in enzymes
as well as oxygen transport in the blood [5]. The four phenyl
legs are connected to the porphyrin core via C-C bonds,
which allow for rotation and can result in a reduction of
symmetry. The crystalline structure of TPP compounds in
the bulk has been known for decades. Depending on the
metallic centre and the ligand sphere, different deformations
of the porphyrin core are reported as ruffled or saddled
structures [2, 6, 7]. In recent years, TPP and related
molecules adsorbed on a metallic substrate were the subject
of intensive local investigations by means of STM [8-11],
scanning tunnelling spectroscopy [9, 12-14], STM-assisted
manipulation [15-18], STM-induced light emission [19-21]
and atomic force microscopy [22].

Results of previous studies indicate that the interaction of
the phenyl legs with the surface governs the growth of larger
molecular complexes. The molecular structure of the phenyl
substituents [23, 24] as well as the exact atomic structure
underneath [3] have a drastic influence on the adsorption.
In contrast, substitution of the H, centre with metallic ions
in the porphyrin core has no influence on the adsorption
but only on electronic properties [12, 25]. The electronic
(physical) properties of the porphyrin core are highly relevant
for chemical reactivity or magnetism [12, 16, 26-29].

Here, we especially address the role of the phenyl legs on
the growth behaviour of TPPs: first, the phenyl legs can have
interactions with the substrate, which are likely to influence the
adsorption energy and molecular orientation. This in turn can
affect the molecular diffusion on the surface. Finally, specific
intermolecular interactions between those groups can deeply
modify the molecular packing. Adsorption and formation of
molecular aggregates are locally studied by means of STM on
Cu(111) and Au(111). In contrast to previous studies where
self-assembling was observed [12, 30] here TPP molecules are
systematically modified. Molecule-molecule interactions are
controlled by the chemical synthesis. Experimental results are
combined with molecular modelling simulations, to address
the underlying dynamic processes present at the first stages of
growth, in relation to the nature of the molecule-molecule and
molecule—surface interactions.

2. Experimental details

2.1. Synthesis

In this work four different TPPs were synthesized under
Adler conditions using pyrrole and the corresponding
aldehyde [31, 32]. The TPPs were also metallated with cobalt
and copper using established procedures [33].

Attempts to isolate 5,10,15,20-tetrakis-(4-methylsulfanyl-
phenyl)-porphyrin ((MeS),TPP) using the procedure by Drain
and Gong [34] were unsuccessful. We found that the porphyrin
remained on top of the silica during purification by column
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chromatography (eluent: CHCl3) as a bright purple compound,
and that all the side products were eluted. This allowed us to
remove the impurities using a silica plug; after which the pure
compound was removed from the plug by Soxhlet extraction
for five days in CH,Cl, in 14% yield.

Materials: unless stated otherwise, all solvents were used
without further purification. Silica gel (0.040-0.063 mesh,
Silicycle) was used for column chromatography.

Methods: (TPP) 5,10,15,20-tetrakis-(phenyl)-porphyrin: ben-
zaldehyde (17.7 g, 167 mmol) was added to a stirring solu-
tion of boiling propionic acid (0.5 1). After 5 min, freshly
distilled pyrrole (11.6 ml, 167 mmol) was slowly added and
the reaction mixture was refluxed for another 2 h. The pro-
pionic acid was then removed through evaporation under re-
duced pressure; after which the black residue was dissolved in
250 ml chloroform. The resulting solution was washed twice
with 100 ml 0.1 M NaOH and two portions of water (100 ml),
followed by precipitation (twice) in 400 ml methanol. The pre-
cipitate was then redissolved in CHCI3 and subjected to col-
umn chromatography (eluent: CHCl3), yielding 1.83 g (7%) of
TPP. The title compound was further purified by recrystalliza-
tion from CH,Cl,. '"H-NMR (400 MHz, CDCl3, § (ppm)) 8.85
(8H, s, pyrrole H), 8.24 (8H, m, Ar-H), 7.77 (12H, m, Ar-H),
—2.76 (2H, s, NH); '3C-NMR (300 MHz, CDCl;, §): 142.2,
134.6, 131.0, 127.7, 126.7, 120.1; UV-vis (CH,C;2) A/nm
(loge/M~t ecm™): 417 (5.7), 514 (4.3), 549 (3.9), 590 (3.7),
646 (3.7); ESI-MS: m/z calculated for C44H3; N4 [M + H]:
615.2549, found: 615.2548.

(Co-TPP) Cobalt-5,10,15,20-tetrakis-(phenyl)-porphyrin:
to a stirring solution of refluxing DMF (15 ml) under argon,
a small amount of 5,10,15,20-tetrakis-(phenyl)-porphyrin
(100 mg, 0.16 mmol) was added. After 5 min, 115 mg
(0.46 mmol) of Co(OAc), * 4H,O was added. The reaction
was stopped after 10 min by evaporating the DMF under
reduced pressure using a rotary evaporator. The resulting
orange solid was redissolved in chloroform and subjected to
column chromatography (eluent: CHCl3), yielding 50 mg
(46%) of the title compound. IR (cm™!'): 3452, 2916, 2849,
1725, 1467, 1441, 1349, 1242, 1190, 1004, 795, 749, 702, 610;
UV-vis (CH,Cl,) §/nm (loge/M~'cm™"): 411 (5.4), 529
(4.1); ESI-MS: m/z calculated for C44HysCoNy: 671.1646,
found: 671.1633.

(Cu-TPP) Copper-5,10,15,20-tetrakis-(phenyl)-porphyrin:
a solution of copper(I)acetate monohydrate (160 mg,
0.8 mmol) in methanol (10 ml) was added to 5,10,15,20-
tetrakis-(phenyl)-porphyrin (100 mg, 0.16 mmol) in chloro-
form (10 ml) and the resulting slurry was heated for 10 min.
The solvent was removed in vacuo, the dark solid redissolved
in chloroform and filtered through a plug of silica. The
title compound (95 mg, 88%) was obtained after evapora-
tion as a dark violet solid. IR (cm™'): 2919, 2852, 1598,
1576, 1440, 1345, 1205, 1177, 1004; UV-vis (CH,Cl,)/nm
(log /M~ em™1): 421 (4.7), 542 (4.3); ESI-MS: m/z calcu-
lated for C44Ho3CulNy: 675.1610, found: 675.1606.

(TBrPP) 5,10,15,20-tetrakis-(4-bromophenyl)-porphyrin:
4-bromobenzaldehyde (1.85 g, 10 mmol) was added to a
stirring solution of refluxing propionic acid (50 ml). After
5 min, freshly distilled pyrrole (0.7 ml, 10 mmol) was

slowly added and the reaction mixture was refluxed for
another 30 min. The same work-up procedure was used
as described for TPP and the crystalline material was then
redissolved in chloroform and subjected two times to column
chromatography (eluent: CHCls/heptane = 80/20 v/v%),
affording 201 mg (9%) of the title compound (rf = 0.88
in toluene/heptane = 70/30 v/v%). 'H-NMR (400 MHz,
CDCI3, § (ppm)) 8.84 (8H, s, pyrrole H), 8.07 (8H, m, Ar—
H), 7.90 (8H, m, p-BrAr—H), —2.87 (2H, s, NH); 3C-NMR
(300 MHz, CDCl3, §): 140.8, 135.8, 131.1, 130.0, 122.6,
119.0; IR (cm™'): 3317, 2920, 2850, 1584, 1554, 1472,
1390, 1346, 1070, 1009, 962, 906, 798, 728, 612; ESI-MS:
m/z calculated for Cy4HpsB14N4 [M + H]: 930.8928, found:
930.8843.

(Co-TBrPP) Cobalt-5,10,15,20-tetrakis-(4-bromophenyl)-
porphyrin: the title compound was prepared using the same
procedure as Co-TPP and purified using column chromatog-
raphy (eluent: CHCls), yielding 64.8 mg (72%) of the title
compound. UV-vis (CH,CL) §/nm (loge/M~' cm™!): 411
(5.2), 528 (4.0); ESI-MS: m/z calculated for C44Hp4BrsCoNy:
982.8067, found: 986.8109.

((MeS)4TPP) 5,10,15,20-tetrakis-(4-methylsulfanyl-phe-
nyl)-porphyrin  4-methylsulfanyl-benzaldehyde (2.66 ml,
20 mmol) was added to a stirring solution of boiling propionic
acid (100 ml). After 5 min, freshly distilled pyrrole (1.39 ml,
20 mmol) was slowly added and the reaction mixture was re-
fluxed for another 30 min. After removal of propionic acid un-
der reduced pressure, the black content was dissolved in 100 ml
CH,Cl, and extracted two times with 100 ml 0.1 M NaOH. The
organic layer was then filtered through a small plug of silica
using CH,Cl,, removing all unwanted side products. The title
compound remained on top of the silica and was removed. The
purple product was then purified by Soxhlet extraction for 5
days using CH,Cl,. After removal of the solvent under reduced
pressure, the product was isolated as a purple solid in 553 mg
(14%). No 3C-NMR was obtained, because of the poor solu-
bility in organic solvents. 'H-NMR (400 MHz, CDCl3, §) 8.87
(8H, m, pyrrole H), 8.13 (8H, m, Ar-H), 7.63 (8H, m, Ar-H),
2.76 (12H, s, CH3), —2.78 (2H, br s, NH). IR (cm™!): 3645,
3319, 2954, 2868, 1732, 1470, 1431, 1230, 1159, 1092, 801.
UV-vis (THF) §/nm (loge/M~! cm™"): 422 (5.6), 517 (4.2),
554 (4.1), 595 (3.7), 652 (3.8); ESI-MS: m/z calculated for
C43H390N4S4 [M + H]: 799.2058, found: 799.2045.

2.2. Experimental conditions

Sample preparation and local investigations were performed
under ultra-high vacuum conditions (<2 x 10~'° mbar); after
introduction into the vacuum system via home-built molecule
evaporators, the molecular samples were first degassed for
several hours below their sublimation temperatures; then their
sublimation rates were determined by means of a quartz
microbalance. After preparation of Cu(l11) and Au(l111)
surfaces by standard techniques (several consecutive cycles
of argon ion etching and following annealing above 700 K)
molecules were deposited on these surfaces. For the study of an
isolated molecule, deposition took place with the sample kept
at approximately 30 K. Self-assembled molecular clusters were
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generated by heating these samples up to room temperature to
enable thermally induced mobility. As reference, molecules
were also deposited with the sample maintained at room
temperature during deposition.  After preparation, these
samples were locally investigated in a home-built variable-
temperature STM operated at approximately 25 K [35]. As
local probes for imaging, chemically etched tungsten tips
were used. The exact tunnelling parameters are listed in
the appendix with U defined as the applied voltage between
the STM tip and the sample. Positive voltages refer to
tunnelling into unoccupied sample states and negative voltages
to tunnelling out of occupied sample states, respectively. All
images are processed with WSxM in terms of line and plane
fitting procedures [36].

2.3. Modelling

Modelling TPP molecules is based on a two-step approach.
First, a conformational study of an isolated molecule
by density functional theory (DFT) was performed with
the B3LYP/6-314+G(d) formalism. The DFT calculations
provide an accurate description of the molecular properties,
which is a prerequisite for this work.  However, such
a theoretical approach cannot be used to represent the
intermolecular interactions. For this purpose, the second
step of the modelling study, aimed at investigating the
adsorption of a single molecule and self-assembly on
gold, is based on a force field molecular mechanics and
molecular dynamics approach [37, 38]. In this method,
the interactions between gold atoms are represented within
the Glue model approximation [39]. The dynamics of
molecule-molecule interactions are described by MM3 force
field calculations [40, 41]. For gold—molecule interactions,
a charge equilibration procedure [42] in combination with a
repulsive potential is used [43]. This method has already been
applied to various systems [44-46] for which the experimental
adsorption energies were reproduced with an accuracy better
than 1 kcal mol~!.

For modelling the adsorption of a single molecule on gold,
the molecule was adsorbed on a surface made of four layers of
gold; each layer consisting of 14 x 16 atoms. The atoms in the
top two layers of the surface were allowed to relax while the
atoms in the two bottom layers were kept fixed. To simulate an
infinite surface, periodic boundary conditions were employed.
Considering the size of the cell (~40.4 A x40 A) and the cutoff
used (9.5 A), there is no interaction between a single molecule
adsorbed on the gold surface and its image in the neighbouring
cell.

Then, starting with a molecule optimized on a surface
with fourfold rotational symmetry and planar porphyrin core
(see figure 4(1)) which is distinctively different to the
experimentally observed geometry (twofold mirror symmetry
and saddled porphyrin core) we performed molecular
dynamics (MD) simulations. The simulations of the dynamic
behaviour were carried out within the canonical ensemble, i.e.
at a constant number of molecules, volume and temperature
(constant NV T). All simulations of the dynamic behaviour
were realized at 300 K. This reflects the experimental
conditions where the formation of molecular clusters is

temperature-driven. The temperature is maintained during the
dynamics using the Groningen method of coupling to external
baths [47]. During the MD simulation of the single molecule
adsorbed on the surface, the evolution of the tilting of phenyl
legs and bending of the core of the porphyrin were followed
and recorded over a period of 100 ps. Based on the adsorption
geometry obtained for a single molecule, the self-assembly of
four porphyrin molecules deposited on a surface of four layers
of 11 x 12 atoms of gold was modelled. Such a size was chosen
for the unit cell so as to be consistent with the experimental
data for the adsorbed molecular layer, while maintaining the
computational effort to a tractable level. Again, the two top
layers were free to relax, the bottom layers remained fixed, and
periodic boundary conditions simulated an infinite monolayer.
After an equilibration time of 100 ps in the canonical ensemble,
the lattice parameters were followed and recorded for 100 ps.

3. Results

3.1. Molecular appearance at low coverage

To learn about the appearance of the different TPPs, STM
imaging of isolated molecules, as prepared on a Cu(l11)
and a Au(111) surface, was performed. Figures 2(a)—(f)
show representative STM images. During the preparation
and all stages of experiments, thermally induced mobility was
prevented by maintaining a continuous cooling below 30 K.
The molecules (Cu-TPP, Co-TPP, Co-TBrPP and (MeS),TPP)
show a twofold C,, symmetry with four pronounced lobes.
Following [23], these lobes are interpreted as tilted phenyl
legs whereas the reduced symmetry of the porphyrin core (in
comparison to the structural model) originates from a bending
into a saddle conformation. As the appearance of molecules
is independent of their orientation on the surface tip artefacts
(which might be responsible) can be excluded.

In direct comparison, Cu-TPP and Co-TPP can be
distinguished at the given voltage by the characteristic
appearance of the centres [48]. Cu-TPP shows a depression
whereas Co-TPP a broad protrusion as originating from 3d
states of the central ion [12, 49, 50]. Co-TPP and Co-
TBrPP significantly vary in the extension of phenyl legs due
to attached bromine atoms (not shown, see also [16, 17]).
Similarly, (MeS),TPP, which is for the first time investigated
by a local technique, shows the same extension at its
phenyl legs as bromine-terminated TPPs whereas again the
centre shows a minimum. Due to those differences in their
appearances, two or more molecular species on the same
surface are easily distinguished. Figure 2(d) presents such a
surface with Cu-TPP and Co-TPP deposited on Cu(111).

Comparing adsorption on different surfaces, i.e. on
Cu(111) and on Au(l11), reveals the role of the substrate
on the adsorption geometry. The contrast within molecules
remains unaffected whereas the shape can vary drastically. The
influence of the substrate is most pronounced for (MeS),TPP.
In STM images of (MeS)4TPP (see figures 2(c) and (f))
the aspect ratio of the short molecular side versus the long
molecular side is approximately 1:1.8 on Cu(111) whereas
on Au(l11) the same ratio is approximately 1:1.1, in line
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Figure 2. High-resolution images of three different and isolated porphyrin molecules for negative voltages on Cu(111) (a)—(d) and on
Au(111) ((e) and (f)). (a) shows Cu-TPP, (b) and (e) show Co-TPP and (c) and (f) (MeS),TPP. The characteristic contrast at the central
position and of the four lobes enables a precise identification within mixed samples of Co-TPP and Cu-TPP on Cu(111) as presented in (d).
For Cu-TPP and Co-TPP three well-defined orientations are identified, which coincide with the atomic structure underneath.

with [16]. This indicates enhanced sensitivity of the sulfur-
terminated ends towards the surface compared to the case
of hydrogen termination. Sulfur is known to undergo a
strong binding to a gold surface [51]. Sulfur-terminated
molecules are established for the formation of self-assembled
chemisorbed monolayers from wet solutions [52]. Here,
(MeS)4TPP molecules have been designed to clip the end
of the phenyl group to the gold surface (as discussed in
section 3.4). The origin of the behaviour on different substrates
remains speculative as it will reflect a complex interplay of
preferred adsorption sites for sulfur and the whole molecule.

We attribute the appearance of (MeS)4TPP to a bending of
the in-plane angle between the phenyl groups and the porphyrin
core. Moreover, only a few and substrate-specific orientations
relative to the crystallographic axes are found for the different
TPP molecules [53]. Both observations indicate an adsorption
of molecules that is controlled through the interaction of the
phenyl groups with the substrate [54].

3.2. Formation of long-range ordered molecular clusters

Deposition of molecules at room temperature or alternatively
post-annealing of samples after low-temperature preparation
lead to the formation of molecular islands. Several
combinations of TPP molecules and substrates were tested on
their growth behaviour. Among these, three representative
examples are presented in figure 3; Co-TBrPP/Cu(111) in
figure 3(a), a mixture of Co-TPP and Cu-TPP on Au(111)
in figure 3(b) with the herringbone reconstruction of the

substrate impinged into the organic layer, and Cu-TPP/Cu(111)
in figure 3(c). All these molecule—substrate systems show
a peculiar molecular alignment with high periodicity. The
analysis of larger surface areas (not shown) reveals three
distinct orientations of molecular domains. This observation
reflects that the formation of larger islands is guided by
the interaction of molecules with the threefold symmetric
substrates.

Within the sensitivity of the experimental conditions,
molecular meshes solely formed by Co-TPP (see figure 8(a))
or Cu-TPP on Au(111), and mixed samples of Co-TPP and
Cu-TPP on Au(111), are identical in terms of their unit
cells and their orientations (and will later be discussed in
direct comparison with the numerical results). Additional
substituents such as bromine influence the molecular unit cells.
This stresses the major influence of the phenyl legs on the
growth, whereas the effect of the metallic centre on the growth
is negligible.

To study the role and the relative orientation of the phenyl
legs, figure 3(c) shows a high-resolution image of Cu-TPP
grown on Cu(111). The voltage was chosen so that improved
intramolecular contrast was achieved [48]. One peripheral
molecule with a clearly resolved structure was selected as
reference for analysis of the complex structure within the
island. In agreement with the study of isolated TPP molecules
this molecule at the edge of the island has a characteristic
twofold mirror symmetry. The copper ion in the porphyrin
centre results in the characteristic depression of Cu-TPP (see
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Figure 3. (a)—(c) Upon deposition or post-annealing at room
temperature hydrogen-and bromine-terminated metallic TPPs show a
strong tendency to form well-ordered molecular islands on Cu(111)
and Au(111) in STM images. (a) shows an aggregate of Co-TBrPP
on Cu(111). In (b) a STM image after room temperature deposition
of Co-TPP and Cu-TPP on an Au(111) surface is presented. The
resulting structure is intermixed but well ordered, with Co-TPP
molecules showing the typical protrusion in the centre. The
herringbone reconstruction of the Au(111) surface is transmitted
through the organic layer. (c) shows a detailed view into the structure
of a Cu-TPP island. For orientation, the centre of each molecule is
marked (x). Tilting of phenyl legs is indicated by O and ® as
deduced from a molecule at the edge of a cluster with its internal
structure well resolved. (d) depicts the proposed molecular alignment
resulting from the analysis of the island. Phenyl legs next to each
other are always perpendicularly arranged (indicated by circles I and
II). The connecting lines between two opposing ends (A and A,
respectively) mark mirror axes of the porphyrin core
(Co-TBrPP/Cu(111): @ = 1.70 £ 0.10 nm, » = 1.50 £ 0.10 nm,

Lap = 83° £ 5°; Co-TPP and Cu-TPP/Au(111): a = 1.45 £ 0.05 nm,
b =1.40%0.05 nm, £, = 87° & 3°; Cu-TPP/Cu(111):
a=129+£0.05nm, b =1.36 +0.05 nm, /,, = 80° £ 5°).

also figure 2(a)). Tilting of each phenyl group is marked by a O
and a @ for the lower and the upper sides, i.e., for the side of the
phenyl group oriented towards the surface and away from the
surface, respectively. Phenyl legs are tilted on an absolute scale
by an equal angle as manifested in the observed symmetry
whereas the value of the angle cannot be determined from
STM images. Phenyl legs opposite to each other are rotated
clockwise, the others anti-clockwise (see also figure 6(B) of
the later discussion).

The symmetry of single TPPs is periodically repro-
duced throughout the molecular island. This indicates self-
recognition of molecules in identical orientation and adsorp-
tion geometry with symmetrically tilted phenyl legs. This is
depicted in figure 3(c) which is superimposed by the symbols
for the centre and for the two sides of the phenyl legs. With
relative positions of the centre and the four phenyl lobes deter-
mined, a molecular structure can be deduced (see figure 3(d)).

In this structure, none of the phenyl legs that are nearest from
one molecule to the next are parallel aligned. Parallel align-
ment would indicate a w—m stacking, which can be hereby ex-
cluded for further interpretation. Instead, nearest neighbours
for each phenyl group are perpendicularly oriented; one in
terms of the plane of the phenyl lobes (figure 3(d)—I) and the
other in terms of the axes of the phenyl lobes (figure 3(d)—
II). Similar structures of self-assembled molecular clusters of
TPP molecules and derivatives are reported but the underly-
ing physics remained unresolved [30]. The case of pyridyl-
terminated porphyrins [12], which was also addressed by force
field calculation, is distinctively different as the numerical and
experimental results suggest w— stacking.

In summary, Cu-TPP, Co-TPP and Co-TBrPP adsorbed on
Cu(111) and Au(111) form regular networks. The structure of
these networks is unaffected by an exchange of the metallic
ion whereas modifications of the phenyl groups does alter
the unit cell sizes. The unit cell consists of one molecule
each with the molecule in a twofold symmetric adsorption
geometry. The observed symmetry indicates alternation of
clockwise and anti-clockwise rotated phenyl groups. With the
structure periodically reproduced it can be concluded that pairs
of nearest-neighbour phenyl groups are always perpendicularly
rotated. This is a direct consequence of the observed symmetry
while the previous assignment of direction (O versus ® and A
versus A) is exchangeable.

3.3. Modelling the dynamics and the assembly of porphyrin
molecules

From the comparison of the molecular networks found for
different porphyrin species it can be concluded that the
adsorption of single molecules as well as the formation
of molecular clusters are predominantly governed by the
(substituted) phenyl legs, rather than the porphyrin core or the
metallic centre. Instead, the interaction of phenyl legs with
atoms of the substrate system controls the adsorption of single
molecules and formation of clusters. To better understand
those issues, simulations on the (numerically) simplest case
of a metal-free porphyrin (H,-TPP) in interaction with an
Au(111) surface have been performed.

First, a single isolated molecule in the gas phase, i.e.
without interaction with any other object—a surface or a
neighbouring molecule, was studied at the DFT B3LYP/6-31 +
G(d) level in order to determine accurately the conformational
behaviour. In the global energy minimum (‘2° in figure 4)
the phenyl groups are tilted by 65° relative to the plane of the
porphyrin core, in agreement with previous calculations [55].
The porphyrin core remains planar but the fourfold symmetry
is broken due to a specific arrangement of the phenyl
groups with opposite orientations of neighbouring phenyl
groups (structure 2’ in figure 4). This results in a Cy,
symmetry. Other, energetically less favoured conformations
are a propeller shape (‘1”7 in figure 4) configuration (by about
0.5 kcal mol ") and configuration ‘3’ (in figure 4) where three
phenyl groups are parallel oriented and opposite to the fourth
phenyl group (C; symmetry group, by 0.2 kcal mol~").

To pass from one structure to the other, the phenyl rings
can pass through two possible transition states. The first
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Figure 4. Three conformations of TPP in the gas phase related to minima in the potential energy surface. The tilting of phenyl legs is denoted
by arrows. Conformation ‘1’ is denoted as propeller shaped within the text. Conformation ‘2’ is the molecule in its global minimum.

transition state has a tilt angle of 90° with a low energy
barrier to overcome (0.4 kcal mol~'). Passing the other
transition state, with a tilt angle of 0° (i.e. with the phenyl
ring in the plane of the core), is rather unlikely due to a
high transition barrier (16.3 kcal mol~!). This high energy
barrier of 16.3 kcal mol~' reflects the repulsive interaction
between hydrogen atoms in orthopositions of the phenyl ring
and hydrogen atoms of the pyrrole ring.

A dynamic simulation of an isolated molecule with the
MM3 force field (depicted in figure 5) confirms the DFT
results. Indeed the simulation reveals a continuous and
uncorrelated rotation of all phenyl legs through 90° at 300 K.
This free rotation is expected to be strongly reduced upon
adsorption.

The next step was the modelling of the adsorption of
a single molecule on an Au(l11) surface. In the starting
configuration, the TPP molecule is adsorbed in a propeller-
shaped configuration on top of gold (see figure 6(A)). The
molecule, as well as the first gold layers, are free to relax in
the time-dependent simulation.

The time evolution of the tilting of phenyl groups and
bending of the porphyrin core is depicted in figure 7. After a
short time period of less than 3 ps, the porphyrin rearranges
on the surface into a C,, geometry and keeps it during the
whole simulation period. The simulation is available as a
multimedia enhancement in the online version of the journal
at stacks.iop.org/Nano/20/275602. This rearrangement favours
the deformation of the core of the porphyrin to increase the
adsorption energy on the gold surface. An adsorption energy
of —77.2 £ 1.3 kcal mol~! is computed (the adsorption energy
is defined as the difference between the energy of the complex
(molecule on surface) and the sum of the energies of the
molecule and the surface). The final saddle conformation of the
molecule after relaxation is illustrated in figure 6(B); in such
conformation, the ‘back’ and ‘front’ pyrrole rings are tilted
with their nitrogen atoms pointing upwards while the ‘left’ and
‘right” pyrrole rings are tilted with their nitrogen atoms closer
to the surface. The molecular axis is tilted by 10° relative to the
crystallographic axis, with the central position located above a
hollow site (see figure 6(C)).

150°—

120°—

90°-

ilting angle

60°|- =

300 -

I |
4 5678%02

Figure 5. Time evolution of tilting angles of the phenyl legs with
respect to the plane of the core, at a simulation temperature of 300 K.
At this temperature the phenyl legs continuously flip and the TPP
porphyrin undergoes transitions between the global minimum (2 in
figure 4) and local minima (1 and 3) through 90°.

3.4. Comparison of experiment and simulation

Based on the adsorption geometry obtained for a single
molecule, a self-assembly of four porphyrin molecules is built
as the elementary structure for a periodic simulation of a
full layer and then optimized. The result of this simulation
is depicted in figure 8(b). The following lattice parameters
are obtained: a = 1.47 £0.03 nm, » = 1.50 £ 0.02 nm
and an opening angle of 89.0° £ 1.6°. Due to the Cy,
geometry of adsorbed molecules, phenyl rings of adjacent
molecules interact in a T-shaped arrangement. It is well
known that the most stable configuration for a benzene dimer
is the T-shaped conformation, in which the two molecules are
perpendicular to each other, with one hydrogen atom of the
first molecule pointing to the centre of the 7 system of the
second one [56-58]. The presence of a similar conformation
here, between phenyl rings of adjacent molecules, indicates
the existence of attractive intermolecular interactions which
most probably play an important role in the supramolecular
organization.

In order to confirm the importance of the orientation of
the phenyl groups on the supramolecular organization, the
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Figure 6. (A) shows the initial configuration of the simulation with a TPP molecule in the propeller-shaped conformation. During the course
of simulations the porphyrin core bends into a saddle conformation and phenyl legs rearrange. (B) and (C) show the final configuration with

the centre of the porphyrin molecule located on top of a hollow site.

4.0
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150°
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30°

Figure 7. Time evolution of H,-TPP adsorption on Au(111). The
simulation starts with the molecule in the propeller-shaped geometry.
Upper panel: within 3 ps the molecule rearranges into a mirror
symmetric conformation with the porphyrin core undergoing a
transition into a saddle conformation. This is reflected by the
increase of the distance from location ‘1’ and by the decrease of the
distance from location ‘2’ relative to the centre of mass denoted as
‘0. Positions of ‘0’, ‘1’ and ‘2’ are defined in figure 1. Lower panel:
the phenyl legs (A)—(D) align in well-defined orientations relative to
the surface plane with the directions alternating relative to the surface
normal (C,, symmetry).

growth of (MeS)4TPP on Au(111) was compared to Co-TPP.
As a consequence of the sulfur termination, the phenyl groups
are forced into a (more) planar conformation and thereby
suppressing the T-shaped attractive interactions between the
phenyl groups on adjacent molecules. This would impede the
formation of self-assembled molecular structures. (MeS),TPP
molecules were deposited on the surface at room temperature
and studied at 25 K. STM images from this system reveal that
self-assembly does not occur (see figures 8(c) and (d)) although
under the preparation conditions thermally induced mobility is
sufficient for the formation of islands and therefore Au(111)
step edges are fully decorated (figure 8(d)).

Then, on top of the same system Co-TPP was deposited at
room temperature. Among the isolated (MeS),TPP molecules

Figure 8. Comparison of experimental observations and results from
numerical simulations: (a) shows two images of the same Co-TPP
island on Au(111) for negative and positive voltage (a defect in the
molecular island serves as a marker). The internal molecular
structure is clearly resolved. For each molecule protrusions of its
four phenyl legs can be identified (see inset) and the molecular axis is
tilted relative to the unit cell of the molecular lattice. In agreement,
the result of the numerical simulation (b) reflects the same tilting of
the molecular axis, the same unit cell, as well as the same
arrangement of molecules relative to each other. For orientation, the
axes of the unit cell and the molecular axis are indicated. In contrast,
(c) and (d) illustrate the role of the phenyl legs for a modified TPP.
(c) Whereas Co-TPPs form islands (MeS),TPP molecules stay
isolated when prepared on the same surface in parallel. However,
under the given preparation parameters (MeS),TPP are sufficiently
mobile and (d) step edges are fully decorated by (MeS),TPP.

well-ordered islands of Co-TPP are formed (figure 8(c)).
The two types of molecules can be distinguished by their
characteristic appearances in their sizes and their internal
structures—here shown when imaging unoccupied molecular
states. Figure 8(a) zooms into a region of a large Co-
TPP island. For convenience both images as acquired
for occupied states (negative voltage) and unoccupied states
(positive voltages) are depicted. The unit cell of this island is
determined to be a = 1.45 &+ 0.05 nm, b = 1.40 =+ 0.05 nm
and has an opening angle of 87° 4 3°. The same unit cell
is observed for a mixture of Co-TPP and Cu-TPP/Au(111) as
demonstrated in figure 3(b). Individual molecules show a Cs,
symmetry with the molecular axis tilted by 22° relative to the
unit cell. Within the error bar of experimental results we find
excellent agreement with the results of the simulation of the
self-assembly, as illustrated in figure 8(b).
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4. Discussion

From the very first stage of molecular growth, a distinct
influence of molecule—substrate interaction is present. The
preferred orientation of molecules is predefined on highly
symmetric surfaces. Adsorption orientation is controlled
through the coupling of phenyl legs to the substrate. The
influence of the metallic centre in the porphyrin core on
the orientation is minor and a decisive influence was not
detected experimentally.  Additionally, the observed C,,
symmetry in STM images suggests an interpretation of a saddle
conformation of the porphyrin core. Supporting numerical
simulations indicate that this saddle conformation is indeed
energetically more favourable than a planar conformation. Due
to the presence of a saddle conformation, a thermally stable
alignment of phenyl legs is achieved. This is specific to the
interaction with the surface since, in the gas phase, bending of
the porphyrin core is energetically suppressed and results in a
continuous and thermally induced rotation of phenyl legs. The
deformation of the porphyrin core results from an attractive
interaction between the core and the metallic surface. Although
experimentally no evidence for the influence of the metallic ion
was found it can be assumed that larger ions than Co?* or Cu?*
will cause an inherent stress on the porphyrin core [49] and
might lead to a modified adsorption of such a TPP molecule on
a surface.

At higher coverage the growth of larger molecular clusters
was experimentally observed. Again, the results from STM
imaging suggest that not only the adsorption of single TPP
molecules, but also the self-assembly process and therefore
the interaction of molecules among each other, is driven
by the T-shaped interaction of phenyl legs. We calculated
this stabilization due to intermolecular interaction between
porphyrins at 6 kcal mol~' and per molecule. Modelling of
the dynamic behaviour of several molecules in close contact
reveals a resulting superstructure which is in perfect agreement
with the structure deduced from experimental observations.
The calculated superstructure for TPP reflects a complex
interplay of different mechanisms; on the one hand, the
interaction of TPP molecules with the substrates favours
a saddle conformation. This conformation simultaneously
predefines the relative orientations of phenyl legs and reduces
degrees of freedom for the self-assembling process towards
the lowest energy situation. On the other hand, an attractive
interaction acts among phenyl legs.  However, parallel
alignment of phenyl legs, i.e. w—m stacking due to overlap
of delocalized 7 electrons, would coincide with a larger
steric interaction of phenyl legs with the pyrrole ring of
the neighbouring porphyrin core due to the bending of the
core. Instead of mw—m stacking, T-stacking of phenyl legs
is preferred. T-stacking maximizes the area of attractively
interacting molecular surface.  Similar mechanisms have
been proposed for the formation of molecular crystals with
a T-stacking arrangement [59, 60]. To experimentally
test the influence of the orientation of phenyl legs on
the self-assembling process and to suppress T-stacking, the
adsorption of hydrogen-terminated TPPs and of (MeS),TPP
was compared. (MeS)4TPP on Cu(111) and Au(111) does

not show any tendency of attractive molecule—molecule
interaction. This is due to the strong S—Au coupling which
forces an in-plane tilting of phenyl legs.

5. Conclusion

A systematic study of the growth behaviour of tailor-made
tetraphenyl porphyrins adsorbed on Cu(111) and Au(111) is
presented by means of STM. Observations are compared to
results of DFT calculations and, for the first time, to the
numerical simulation of the dynamic behaviour of tetraphenyl
porphyrins in the gas phase, of individual molecules in
contact with a metallic substrate, and of an assembly of
molecules interacting with each other and in direct contact
with a metallic surface. The comparison shows excellent
qualitative and quantitative agreement. Within molecular
clusters, relative orientations of molecules is T-stacking-
like. This maximizes the interacting molecular surface and
explains similar observations for molecular crystals. Further
experimental evidence is given by the intended suppression of
self-assembling for the newly introduced (MeS),TPP due to an
increased surface attraction via sulfur termination.
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Appendix
Tunnelling parameters:

Figure 2(a) Cu-TPP/Cu(111): U = —1000 mV, I =
50 pA, 3 x 3 nm?>.

Figure 2(b) Co-TPP/Cu(111): U = —1000 mV, I =

50pA,3x3 nm?.

Figure 2(c) (MeS)4TPP/Cu(111): U = —1000 mV, I =
100 pA, 4 x 4 nm?2.

Figure 2(d) Co-TPP and Cu-TPP/Cu(l11l): U =
—1000 mV, I = 50 pA, 10.6 x 10.6 nm?.

Figure 2(e) Co-TPP/Au(l11): U =
100 pA, 3 x 3 nm?.

Figure 2(f) (MeS),TPP/Cu(111): U = —1500 mV, I =
100 nA, 4 x 4 nm?.

Figure 3(a) Co-TBrPP/Cu(111): U =
166 pA, 20 x 20 nm?.

Figure 3(b) Cu-TPP and Co-TPP/Au(11l): U =
—1200mV, I = 100 pA, 35 x 35 nm?.

Figure 3(c) Cu-TPP/Cu(111): U = 143 mV, I = 340 pA,
10 x 10 nm?.

Figure 8(a), (neg. voltage) Co-TPP/Au(l1l): U =
—1200mV, I = 97 pA, 10 x 20 nm?.

—1200 mV, I =

=368 mV, I =
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Figure 8(a), (pos. voltage) Co-TPP/Au(111): U =
2000 mV, I = 97 pA, 10 x 20 nm?2.
Figure 8(c) Co-TPP and (MeS),TPP/Au(l11): U =

2000 mV, I = 97 pA, 7 x 20 nm?.

Figure 8(d) (MeS)4TPP/Au(111): U = —1000 mV,

106 pA, 10 x 30 nm?.
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