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Chapter 2

Cyano-functionalized
triarylamines on Au(111):
Competing intermolecular
versus molecule/substrate
interactions

In this chapter the self-assembly of cyano-substituted triarylamine derivatives on
Au(111) is studied with scanning tunneling microscopy and density functional theory
calculations. Two different phases, each stabilized by at least two different cyano
bonding motifs are observed. In the first phase, each molecule is involved in dipolar
coupling and hydrogen bonding, while in the second phase, dipolar coupling, metal-
ligand interactions and hydrogen bonding are present. Interestingly, the metal-ligand
bond is already observed for deposition of the molecules with the sample kept at
room temperature leaving the herringbone reconstruction unaffected. It is proposed
that for establishing this bond, the Au atoms are slightly displaced out of the surface
to bind to the cyano ligands. Despite the intact herringbone reconstruction, the Au
substrate is found to considerably interact with the cyano ligands and this affects the
conformation and adsorption geometry, as well as leading to correlation effects in the
molecular orientation. The work presented in this chapter is published in Advanced
Materials Interfaces.∗

∗Cyano-Functionalized Triarylamines on Au(111): Competing Intermolecular ver-
sus Molecule-Substrate Interactions
Stefano Gottardi*, Kathrin Müller*, Juan Carlos Moreno-Lòpez, Handan Yildirim,
Ute Meinhardt, Milan Kivala, Abdelkader Kara, and Meike Stöhr, Advanced Materials
Interfaces (2014), 1, (1), 1300025, DOI: 10.1002/admi.201300025
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Cyano-functionalized triarylamines on Au(111): Competing
intermolecular versus molecule/substrate interactions

2.1 Introduction

Supramolecular structures on surfaces have been studied intensely

over the past decades to obtain fundamental insight into the mecha-

nisms governing molecular self-assembly. A detailed understanding of

the growth is of utmost importance to successfully implement such self-

assembled organic nanomaterials in devices for electronic, optoelectronic,

and sensor applications.1–3 It is well known that the subtle interplay

between intermolecular and adsorbate/surface interactions plays a cru-

cial role in the self-assembly process.4–6 The adsorbate/surface interac-

tion is influenced by the corrugation of the adsorption potential (i.e.

the variation of the adsorption energy for different adsorption positions

and molecular orientations), reactivity of the substrate, crystal struc-

ture and surface reconstructions. Intermolecular interactions on surfaces

are generally of non-covalent nature including hydrogen bonding,7–10

dipole-dipole interactions,11–13 metal coordination14–16 and van der Waals

(vdW) forces.17–19 With the help of specific functional groups, control

over the molecular self-assembly is obtained. Such ligand groups can

drive the assembly towards 0D clusters,20,21 1D chains22,23 or 2D ex-

tended networks.24,25 Due to self-recognition and error correction, which

are inherent for non-covalent bonding and which happen via bond forma-

tion and bond breaking until an equilibrium structure is reached, highly

organized, defect-free structures can develop.

Cyano-functionalized molecules have become of increasing interest

over the last years because the asymmetric charge distribution of cyano

ligands leads to the formation of an intrinsic dipole, which can be involved

in intermolecular dipolar coupling or hydrogen bonding.26 Additionally,

cyano groups (CN groups) can undergo metal-ligand interactions result-

ing in the formation of highly stable structures.20,27,28 In this respect, the

self-assembly of dicarbonitrile polyphenyl derivatives on Ag(111) was ex-

tensively studied.29–31 For room temperature deposition and coverages

below one monolayer, the observed structures are stabilized by hydrogen

bonding while co-deposition of metal atoms leads to formation of hexag-
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Figure 2.1: a) Chemical structure of 1. b) simulated STM image of 1. c) high-resolution STM
image for two molecules. The molecular structure is superimposed for the lower left molecule (2 x
2) nm2, (U = 3.0 V, I = 70 pA).

onal metal-coordinated porous networks, whose pore size can be steered

by the number of phenyl rings per molecule.32 Another well-studied ex-

ample are cyano-substituted porphyrins11–13,20 for which the number and

position of the cyano groups determine the adsorption geometry. Herein,

we report on the investigation of an achiral tricyano- substituted triary-

lamine derivative

(4, 4, 8, 8, 12, 12−hexamethyl−4H, 8H, 12H-benzo[1, 9] quinolizino[3, 4, 5, 6, 7−
defg] acridine−2, 6, 10−tricarbonitrile)

denoted as 1 (Figure 2.1a) in which the sp3 -hybridized dimethylmeth-

ylene tethers lead to a virtually planar conformation of the originally

propeller-shaped triarylamine moiety. These planarized triarylamines,

so-called heterotriangulenes,33–35 are currently experiencing a vigorous

renaissance as versatile building blocks for functional optoelectronic ma-

terials.36–39 In particular, various derivatives of dimethylmethylene brid-

ged triarylamines were shown to act as promising hole conductors with

superior stability in light-emitting devices40–42 or as efficient chromopho-

res for dye-sensitized solar cells.43,44 Compound 1 used in the present

study was synthesized by Ute Meinhardt and Milan Kivala and display a
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triangular shape with terminal CN-groups at each vertex (Figure 2.1a).

As substrate we chose Au(111), which is generally less reactive in com-

parison to other coinage metals like Ag and Cu, since we wanted to

minimize the influence of the substrate on the formation of molecular

overlayers. Although, it is known that the herringbone reconstruction of

Au(111) can influence the adsorption behavior, i.e., by leading to pref-

erential adsorption on elbows, hcp or fcc sites.45–48 The aim of this work

is to investigate the role of the geometrical arrangement of the cyano

functionalities on the self-assembly process. At first glance, antiparal-

lel dipolar coupling should be the dominant intermolecular interaction

motif26 resulting in the formation of porous networks. Instead we ob-

serve that the two-dimensional structures that form are simultaneously

stabilized by several types of interactions: dipolar coupling, H-bonding

and metal-ligand interactions. In general most of the reported molecular

structures formed by cyano-functionalized building blocks are based on

only one type of intermolecular interaction with few exception; Kühne et

al.30 also observed structures stabilized by hydrogen bonding and dipolar

coupling while Pawin et al.28 and Reichert et al.49 reported the presence

of metal coordination and hydrogen bonding at the same time. However,

the latter structures forms due to a metal deficiency and with the right

amount of metal ad-atoms only metal coordinated bonds are present.

In the following, we shall present the different adsorption structures ob-

served and discuss the delicate interplay of the various interactions. Con-

trary to our expectation, the Au substrate was found to be not as passive

as supposed. By analyzing the correlation probability, the influence of the

Au(111) substrate on the molecular orientation became evident. Our ex-

perimental observations are complemented by density functional theory

(DFT) calculations, which give further insight into the intricate bonding

scenario.
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Figure 2.2: Close-packed phase α : a) Overview STM image (40 x 40) nm2, (U = 1.8 V, I = 70
pA) with the herringbone reconstruction of the Au(111) surface visible through the molecular layer.
b) High-resolution STM image (7 x 7) nm2, (U = 1.2 V, I = 40 pA) with the unit cell marked in
green. c) Tentative model of the molecular arrangement, with the unit cell marked in green, while
the black arrow indicates the [110]-direction of the Au(111) surface. The differently colored ovals
indicate the different binding motifs. d) Correlation of the molecular orientation along direction 1
(blue) and along direction 2 (pink); the black rectangle in (a) indicates the area which was used to
calculate the correlation.

2.2 Experimental results

Individual molecules of 1 examined with scanning tunneling micro-

scopy (STM) exhibit a triangular shape. In high resolution STM images,

these triangles show three protrusions (Figure 2.1c). The bright contrast

results from the out of plane methyl groups50 as indicated by the overlaid

structure model of one molecule in Figure 2.1c. On the contrary, the CN-

groups are not imaged by STM, and extend perpendicularly to the edges

of the triangle. The simulated STM image agrees well with the assign-

ment of the bright contrast to the methyl groups (Figure 2.1b). Based on

this triangular contrast, the molecular orientation in the tentative struc-

ture models shown below for the different adsorption structures could be

assigned univocally. Figure 2.2 a shows an STM image obtained for the

Au(111) surface covered with one monolayer (ML) of 1 . At such a cov-

erage, the formation of a hexagonal close-packed arrangement is favored,
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Figure 2.3: Correlation of the mo-
lecular orientation along direction 3
(green). Absence of a clear correlation
is revealed in this direction.

denoted as close-packed phase α in the following. The Au(111) herring-

bone reconstruction51 is clearly visible through the molecular overlayer,

and seems not affected by adsorption of the molecules. From a detailed

analysis of the obtained STM images and low-energy electron diffraction

(LEED) data (see section 2.2.1), two domains of the close-packed phase

α can be identified, which differ by a rotation of the unit cell vectors of

± 11◦ with respect to the [110]-direction of the substrate, indicated by

the black arrow in Figure 2.2c. The tentative adsorption structure of one

domain is shown in Figure 2.2c. It can be described by the adsorption

matrix
(

5 1−1 4

)
, assuming a commensurate superstructure with respect to

the unreconstructed Au(111) surface. The unit cell contains one molecule

and its dimensions are a = b = 1.32 nm, and Θ = 120◦ resulting in a

molecular density of 0.66 molecules/nm2. The arrangement of the mo-

lecules within phase α clearly exhibits chirality (Figure 2.2c). This can

be recognized by the position of the CN-groups of one molecule with re-

spect to the neighboring molecules: for right handed chirality CN-groups

point to the left side of the neighboring molecule, while for the domains

exhibiting left handed chirality, the CN-groups always point to the right

side of the neighboring molecules. This type of chirality, which occurs

by the adsorption of achiral molecules on a surface due to the specific

alignment of neighboring molecules is called organizational chirality.52,53

(Left and right handed homochiral domains are reported in section 2.2.1

272727



Figure 2.8d). Due to the triangular shape of the molecule, two possible

molecular orientations characterized by a 60◦ rotation with respect to

each other can be distinguished. The two different orientations become

clearly visible in the tentative structure model (Figure 2.2c). These dif-

ferent molecular orientations lead to different intermolecular interactions:

(i) Dipolar coupling between CN-groups of two adjacent molecules (red

oval in Figure 2.2c) called CN-CN bond. This coupling is characterized

by an antiparallel orientation of the cyano ligands of neighboring molecu-

les. The distance between the center of the C-atom of the CN-group and

the N-atom of the neighboring molecule’s CN-group is approximately 3.3

Å, which agrees well with theoretical calculations for this binding mo-

tif.26 Note that this bond is additionally stabilized by hydrogen bond-

ing to the phenyl hydrogen of the neighboring molecule. (ii) Hydrogen

bonding (light blue oval in Figure 2.2c) between the nitrogen atom of

the CN-group and a hydrogen atom of the phenyl ring of a neighboring

molecule, called CN-HC in the following. The N· · ·H distance for this

bond is approximately 1.8 Å, as derived from the tentative adsorption

structure model. (iii) Trimeric motif (dark blue circle in Figure 2.2c); for

this configuration all three molecules are oriented in the same direction

leading to three CN-HC bonds similar to the one discussed previously.

The distance between the C-atom of one CN-group and the N-atom of

the neighboring CN-group is 3.5 Å, in agreement with the distances cal-

culated by Okuno et al.54 In the following, the relationship between the

two different orientations of the molecules, which are found in the close-

packed phase α , will be discussed in more detail. The rectangle in Figure

2.2a indicates the area of the STM image, which was used to analyze the

correlation between the different molecular orientations.† All three high

†The correlation function expresses the probability that after a certain number
of molecules (N) a molecule has the same orientation as the starting molecule. A
probability larger than 0.5 at position N means that after N molecules there is a
higher probability to find a molecule pointing in the same direction as the molecule
at the starting position. On the contrary, a probability less than 0.5 indicates anti-
correlation and thus, the preference that the molecule is rotated after N positions
with respect to the starting molecule.
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Figure 2.4: STM image (50 x 50) nm2,
(U = 1.4 V, I = 40 pA) for a coverage
of 0.65 ML of 1. Two different mole-
cular arrangements are visible: in the
lower part the molecules are arranged
in the close-packed phase α which ex-
hibits various vacancies, while in the
upper part phase β is present.

symmetry directions of the close-packed phase α were considered, which

are indicated by the colored arrows in Figure 2.2a. Figure 2.2d shows the

result for direction 1 (79◦ with respect to the herringbone reconstruction

lines) and direction 2 (41◦ with respect to the herringbone reconstruction

lines). The result for direction 3, (19◦ with respect to the herringbone

reconstruction), is reported in Figure 2.3.

A clear modulation in the correlation function is visible for directions

1 and 2, resembling the distance between the gold reconstruction lines

along these directions: about 5 molecular units for direction 1 and about

8 molecular units for direction 2. In contrast, direction 3 does not show

a periodicity in the correlation because it is nearly parallel to the her-

ringbone reconstruction. The noise for directions 2 and 3 is higher due

to a reduced statistics along these directions (in our analysis) because of

the frequent change of the orientation of the herringbone reconstruction

lines (see Figure 2.2a). The modulation in the correlation function with

a periodicity resembling the distance of the herringbone reconstruction

lines along the molecular rows is a clear indication that the substrate

has an influence on the orientation of the molecules in the close-packed

phase α. We believe that this correlation is the result of a competi-

tion between intermolecular interactions (the molecules tend to form the
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Figure 2.5: Porous phase α : a)
Overview STM image (25 x 25) nm2,
(U = 2.0 V, I = 70 pA) showing the
coexistence of porous and close-packed
areas. b) High-resolution STM image
of the porous phase α (7 x 7) nm2, (U
= 2.0 V, I = 70 pA), with the unit cell
marked in green. c) Tentative model
of the molecular arrangement with the
unit cell marked in green.

strongest possible bonds) and molecule/substrate interaction. In fact,

the observed behavior cannot be ascribed with a simple preferential ab-

sorption geometry in hcp/fcc sites because this would lead to a very high

correlation (close to 1.0) along direction 3, which is clearly not present.

Figure 2.4 shows an overview STM image obtained after sub-monolayer

deposition of 1. Here, besides the free metal, two different molecular

phases are present: phase α and a new phase that will be named phase

β in the following. The latter is visible in the top part of the figure and

will be described in detail later. For sub-monolayer coverage, phase α

shows the presence of numerous vacancies, which can result in the for-

mation of a porous network (Figure 2.5). The unit cell of the porous

phase α is rotated by 30◦ with respect to the unit cell of the close-packed

phase α , i.e., a rotation of ±41◦ with respect to the [110] direction of

Au(111). The adsorption structure can be described by a
(

9 6−6 3

)
matrix

303030
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Figure 2.6: Phase β : a) Overview
STM image (25 x 25) nm2, (U = 2.0
V, I = 30 pA). b) High-resolution
STM image (7 x 7) nm2, (U = 3.0
V, I = 140 pA), with the unit cell
marked in green. Increased contrast
is observed at the places where three
pores meet. This is attributed to
metal-ligand bonding between three
CN-groups and one Au atom. c)
Tentative model of the molecular ar-
rangement with the unit cell marked
in green. The Au atoms, which are
involved in metal-ligand bonding, are
drawn in yellow. The blue circle high-
lits one of the metal-ligand binding
motif.

with respect to the unreconstructed Au(111) surface, with two molecules

per unit cell (see Figure 2.5c for a tentative adsorption structure model).

The unit cell vectors measure a = b = 2.29 nm, Θ = 120◦ and the den-

sity is 0.44 molecules/nm2, in contrast to 0.66 molecules/nm2 for the

close-packed phase α. The molecules forming a pore arrange in such a

way that neighboring molecules are rotated by 60◦ with respect to each

other. Thus, each pore is formed by six molecules arranged in a circular

motif. The molecules interact via antiparallel dipolar coupling as it is

the case in the binding motif shown by the red oval in Figure 2.2c; this

can be seen in the structure model displayed in Figure 2.5c. Also the

porous phase α exhibits chirality, which is expected as this phase de-

rives from the chiral close-packed phase α. Figure 2.6 shows the second

phase, which was observed for sub-monolayer coverage: phase β. The

Au(111) herringbone reconstruction remains intact underneath the mo-
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Figure 2.7: Organizational chirality
for the porous phase α and phase β.
Left panel: left handed chirality, right
panel: right handed chirality. a,b)
porous phase α , (8 x 8) nm2, a) U
= 1.2 V, I = 30 pA, b) U = 1.2 V, I =
20 pA; c,d) phase β ,(12 x 12) nm2, c)
U = 1.2 V, I = 30 pA, d) U = −1.2 V,
I = 30 pA. e,f) Molecular models for
individual pores.

lecular network and seems not affected by the molecular adlayer. Also

this phase shows areas with pores as well as filled areas similar to phase

α. The pores consist of six molecules aligned in the same circular mo-

tif as the one observed for the porous phase α. A detailed analysis of

the STM data and comparison with phase α shows that the unit cell of

phase β is rotated by ±23◦ with respect to the Au [110] direction with

the unit cell vectors measuring a = b = 3.77 nm and Θ = 120◦. The

unit cell contains six molecules in the case of the porous structure, which

is shown in Figure 2.6c and can be described by a
(

15 6−6 9

)
matrix with

respect to unreconstructed Au(111), assuming a commensurate super-

structure. The filled phase β has a density of 0.49 molecules/nm2 and

the porous phase β has a density of 0.42 molecules/nm2. The main dif-

ference between phase α and phase β is the connection of neighboring

pores. While for the porous phase α two neighboring pores share two
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molecules, the neighboring pores in phase β do not share any molecules,

that is, they are isolated from each other. For phase β, three adjacent

pores are connected via a threefold unit where each pore contributes with

one molecule. Within this threefold unit the partially negatively charged

N-atoms of the polar CN-groups point directly towards each other (blue

circle in Figure 2.6c). This configuration is energetically unfavorable due

to the electrostatic repulsion between the N-atoms. At first glance, the

trimeric motif observed for phase α would be expected. Such a trimeric

unit can be achieved by rotating each entire circular unit, containing six

molecules, by 6◦. However, this can be excluded due to two main reasons:

(i) The CH· · ·N distance for establishing hydrogen bonding between ad-

jacent molecules is much larger (3.7 Å) than for hydrogen bonds reported

in literature (2.7−2.9 Å).54,55 (ii) This structure model does not fit with

the STM images when superimposed. For these reasons we propose that

this threefold unit is stabilized by metal-ligand bonding. The alternative

structure where metal coordination is absent is discussed more in de-

tail in section 2.3.1. The coordination of CN-groups to transition metal

atoms is well-known from supramolecular chemistry56 and was reported

for two-dimensional surface supported networks.20,32,57,58 Moreover, 2D

Au metal coordinated molecular networks were recently fabricated.27,59

The distance of about 2 Å measured between the center of the N-atoms

of the CN-groups and the center of the threefold unit agrees well with

values reported for metal ligand interactions.27 Further support for the

proposed metal-ligand bond is found by looking at the edges of phase β

islands (Figure 2.4): They are terminated by threefold units indicating

that these units can only exist as a whole. Furthermore, the STM sig-

nal reveals brighter contrast at the center of the threefold units for high

positive tunneling biases (> 2.0 V) (Figure 2.6b). Such evidence is asso-

ciated to the presence of metal-coordinated structures.60 Two different

binding motifs, metal-ligand bonding (interaction between neighboring

pores) and dipolar coupling (interaction within the pores), stabilize the

porous phase β. A third binding motif is present for the filled phase β.

333333



The additional molecule in the pore interacts with three of the six mo-

lecules of the pore via hydrogen bonding. In addition, phase β is chiral,

because the antiparallel dipolar coupling between neighboring molecu-

les in the circular motifs leads to organizational chirality.52,53 Thereby,

homo-chiral domains, one with left-handed chirality and the other with

right-handed chirality, were observed for phase α and β (see Figure 2.7).

2.2.1 Determination of the superstructure unit cells

Figure 2.8a and b show low energy electron diffraction (LEED) pat-

terns taken for 1ML coverage of 1 where only the close-packed phase

α is present. Two domains, which are indicated by the green and blue

arrow in Figure 2.8a, are clearly visible. They are rotated by ±11◦ with

respect to the Au [110] direction. STM images confirm the angle of 22◦

between the two different chiral domains (c.f. green and blue arrows in

Figure 2.8d). Figure 2.8c shows the simulated LEED pattern for a super-

structure which is commensurate to the unreconstructed Au surface, and

which fits well with the measured LEED pattern shown in Figure 2.8a.

The matrix of this superstructure is
(

5 1−1 4

)
. The unit cell dimensions

measured in several STM images agree well with the ones obtained from

LEED.

Figure 2.8: LEED patterns taken at a) 26 eV and b) 35 eV. c) Simulated LEED pattern for close-
packed phase α, different domains are painted in different colors. d) STM image of two different
chiral domains of phase α which are indicated by the blue and green arrows (20 x 20) nm2, (U =
1.4 V, I = 20 pA).

For phase β we did not obtain LEED patterns due to the large unit-

cell dimension. Thus, we analyzed STM images which show phase α,
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phase β and the herringbone reconstruction at the same time. In this

way, the unit cell dimensions and the orientation of phase β could be

derived very accurately since the unit cell of phase α is known exactly.

For some islands we measured an angle of 12± 2◦ between phase α and

β, while for other islands an angle of 34 ± 2◦ was measured. The angle

between the herringbone reconstruction and phase β is 6±2◦. This results

in an angle of ±23◦ between the unit cell of phase β and the Au [110]-

direction. After determining the distances and angles of phase β with

respect to phase α and the herringbone reconstruction, a commensurate

superstructure is suggested, which can be described by a
(

15 6−6 9

)
matrix.

The size of the unit cell is 3.77 x 3.77 nm2 with an internal angle of 120◦.

2.3 Theoretical results and discussion

Density functional theory (DFT) calculations of the molecules in the

gas phase were performed by Abdelkader Kara using different functionals

(PBE, optB86b and optB88) to further investigate the relative stability

of the different binding motifs observed for the close-packed phase α. For

this analysis, two or three molecules were brought close together (about

3 Å distance) to form the desired motif, and then the system was al-

lowed to relax. The studied motifs were antiparallel dipolar coupling

between CN-groups (shown by the red oval in Figure 2.2c), hydrogen

bonding (shown by the light blue oval in Figure 2.2c), and the trimeric

motif (shown by the dark blue oval in Figure 2.2c). The DFT-optimized

structures of the binding motifs are presented in Figure 2.9 along with

the obtained intramolecular distances within one molecule (Figure 2.9a,

top). These intramolecular bonding distances are similar to those of the

single molecule, and do not change when the molecules are brought close

together. In Table 2.11, the results obtained for the binding energy as

well as the intermolecular bond lengths (see colored arrows in Figure

2.9), which are relevant for each of the binding motifs, are summarized.

Independent of the functional used, the CN-CN bond is found to be
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the energetically most favorable configuration with a N· · ·C distance of

approximately 3.5 Å (see blue arrow in Figure 2.9a); this distance is sim-

ilar to the earlier reported results for dipolar coupling of CN-groups.26,54

The CN-groups are almost parallel to each other (see Figure 2.9a). The

trimeric motif is the second most stable configuration with a slightly

lower binding energy per molecule-molecule bond (Figure 2.9c). The

CN-HC motif is the least stable motif of the three ones studied (see Fig-

ure 2.9b) with a N· · ·H distance of approximately 2.2 Å (shown by the

red arrow in Figure 2.9b). This distance is slightly smaller than the one

calculated for a benzonitrile dimer (ca. 2.7 Å)54 and also smaller than

the one reported for the Proton Acceptor Ring Interaction (PARI) (2.9

Å).55 However, for the configuration reported here the N-atom points

directly to the only available H-atom of the phenyl ring, while for PARI

the N-atom points in between two neighboring H-atoms of the phenyl

ring. Additional to the gas phase calculations, the adsorption of a sin-

gle molecule on the non-reconstructed Au(111) surface was studied using

the same functionals as for the gas phase calculations. The main interest

is to determine the adsorption geometry of the molecule. Our calcula-

tions show that the adsorption energies depend strongly on the functional

used. While the adsorption energy obtained using PBE is only 80 meV

and hence suggests weak adsorption, those calculated using the optB86b

and optB88 are 2.86 and 2.89 eV, respectively. The values obtained with

the vdW functionals indicate a high adsorption strength, while the stan-

dard PBE cannot capture the accurate binding nature.61–64 Despite the

high adsorption energy obtained using optB86b and optB88 functionals,

the energy landscape is very shallow, i.e., the binding energy between

the molecule and the Au(111) surface changes only slightly for different

adsorption positions. These results obtained using optB86b and optB88

functionals indicate that the molecule, adsorbed on the Au(111) surface,

undergoes arching in contrast to the gas phase, for which the structural

analysis suggests that the backbone of the molecule is flat (see Figure

2.9) regardless of the functional used. Upon adsorption, the DFT results
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(optB86b functional) show that the CN-groups arch towards the surface

with the N· · ·Au distance becoming 2.7 Å, while the central N-atom is

4 Å away from the Au(111) surface.

Figure 2.9: Optimized gas phase binding motifs calculated with optB86b and bond lengths for a)
CN-CN, b) CN-HC and c) trimeric unit motifs. The bond distances, which are marked with red
and blue arrows as well as intramolecular bond lengths, are given in Å.

Figure 2.10: Adsorption structure of 1 on Au(111) and charge density difference (Iso-surface =
0.6 · 103 eÅ3) obtained with optB86b; blue represents depletion and red accumulation of charge. a)
Top view, b) side view, seen from a CN-group and c) side view, seen from a methyl group.

The bending of the CN-groups towards the metal surface is consistent

with earlier reports54,65,66 and can be explained by the formation of a

mirror image charge in the Au substrate induced by the dipole of the

CN-group.54 The distance between the C-atoms of the CN-group and

the Au(111) surface is 3 Å. In contrast, the bridging dimethyl groups

are rotated away from the surface upon adsorption resulting in 3.7 Å
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Figure 2.11: Bond lengths (in Å) for the studied binding motifs in the gas phase and binding
energies per molecule-molecule bond (in meV). The first, second and third values in each column
are the results of PBE, optB86b, and optB88 functionals, respectively. a) Values measured from the
tentative structure models shown in Figure 2.2c.

distance between the C-atom of the lower methyl group and the Au(111)

surface. Consequently, all methyl groups are visible in the top view as

shown in Figure 2.10a. The results obtained using the optB88 functional

show very similar binding energy values and adsorption configuration,

while the PBE results show almost no arching upon adsorption of the

molecule. The top layer atoms of the substrate show no buckling when

the calculations were performed with PBE, while buckling of 0.08 Å was

encountered when the optB86b and optB88 functionals were used. In

Figure 2.10b,c, the side views of the adsorption geometry of the molecule

on Au(111) together with the charge density difference calculated using

the optB86b functional is shown, viewed either from the CN- or methyl-

groups. Here, the details of the adsorption geometry of the molecule

can be identified and both arching of the whole molecule and rotation of

the methyl groups becomes clearly visible. The charge density difference

shown in Figure 2.10 is calculated by subtracting the charge densities of
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the molecule and the substrate alone from that of the molecule adsorbed

on the Au(111) surface. The blue and red colors represent the regions

with depletion and accumulation of charge, respectively. The charge

density difference plots show that charge accumulation occurs in the CN-

groups, which is due to close proximity of the N-atoms to the surface

atoms. A slight change in the charge distribution is also visible in the

Au-atoms underneath the CN-groups. In contrast, almost no change in

the charge density of the central N atom was observed.

Previously, it has been reported that for large π-conjugated molecu-

les a simple discrimination of physisorption vs. chemisorption based on

the binding energy alone is not possible.61,67,68 The fact that the her-

ringbone reconstruction of the Au(111) surface remains intact under-

neath the adsorbed molecules is generally considered as a sign for a weak

molecule/substrate interaction69 suggesting a physisorption-type interac-

tion. However, in our case the following observations contradict a weak

molecule/substrate interaction: (i) The step edges show a rearrangement

when the molecules grow over them. (ii) The correlation of the molecular

orientation in the close-packed phase α with respect to the herringbone

reconstruction indicates a considerable influence of the substrate on the

molecular arrangement. (iii) DFT calculations with the inclusion of vdW

interactions show a large adsorption energy of 2.9 eV as well as arching

of the molecule when adsorbed on the Au(111) surface. Additionally,

an electronic redistribution occurs upon adsorption of the molecule on

the gold surface, as seen by the charge density difference plots in Fig-

ure 2.10b,c. This strong molecule/substrate interaction is mediated by

the cyano/gold interaction. The strong molecule/substrate interaction

and the observed arching of the molecule also support the formation of

the metal-ligand bond, which was observed for phase β. A threefold

unit, where the N-atoms of three neighboring molecules point towards

each other, would lead to an electrostatic repulsion between the mole-

cules as the N-atoms are partially negatively charged. Such a motif is

not possible in the gas phase. Consequently, the repulsion between the
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three N-atoms has to be screened by the surface. This can be done by

the formation of a metal-ligand bond. There are two different possibil-

ities for the formation of such a metal ligand bond: either by inclusion

of adatoms into the molecular structure or by the slight displacement

of a surface atom out of the surface. The creation of metal ad-atoms

on Au(111) surfaces was believed to result in the lifting of the herring-

bone reconstruction.27,70 However, this is not always the case, as shown

for another metal-coordinated network on Au(111) presented in Chapter

3 where both the coordination with native Au atoms from the surface

and coordination with post-deposited Cobalt atoms do not disturb the

surface reconstruction. For compound 1 on Au(111) we observe that

annealing of the sample brings about an increase of the amount of the

metal coordinated phase. Indeed, elevated sample temperatures lead to

a considerable increase of the number of ad-atoms resulting in an in-

creased amount of metal-ligand bonds.70 However, we propose here that

when dealing with cyano functional groups on Au(111) the metal-ligand

bond is formed by the displacement of Au-atoms from the surface and

not by interaction with free ad-atoms. This can be realized by the ac-

tion of the partially negatively charged N-atoms of the cyano groups. A

clear discrimination between these two conditions is not experimentally

straightforward, an attempt to do this is presented in Chapter 3 where

sub-molecular resolution tuning fork measurements are presented. So

far, such a displacement of substrate atoms by cyano groups has been

reported for tetracyanoquinodimethane (TCNQ) on Cu(100)65 and for

tetracyanoethyl ene (TCNE) on Ag(100)66 but has never been directly

measured. In general the displacement of an Au-atom is less energy

consuming than the creation of a free ad-atom. The displacement of the

Au-atom is supported by the strong CN/Au interaction expressed also by

the arching of the molecules. However, the displacement of the Au-atom

closest to the N-atom could not be modeled with the DFT calculations as

this would need three adjacent molecules pulling on the atom. Moreover,

it is assumed that the arching is not symmetric: The N-atom which forms
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the metal-ligand bond is probably closer to the surface than the N-atoms

that form the pores via antiparallel dipolar coupling, because this CN-

CN bond is presumably more stable when the CN-groups of neighboring

molecules are parallel to each other.

DFT calculations show a relatively shallow binding energy landscape

for different adsorption sites on the Au(111) surface. Additionally, the

geometrical structure of the molecules changes when they adsorb on the

surface, as seen by the arching of the molecule and upward rotation of

the methyl groups. This flexibility in both the adsorption position and in

the conformation of the molecules, can optimize the self-assembly toward

a lower energetic minimum. In this way, the molecules can also adjust

to the corrugation of the herringbone reconstruction underneath. This

could explain the preservation of the herringbone reconstruction upon

adsorption: It seems energetically more favorable to adjust adsorption

position and conformation than to lift the herringbone reconstruction.

Consequently, it is possible that the adsorption structures are commen-

surate with the reconstructed Au(111) surface.

In conclusion we investigated the self-assembly of a bridged tricyano-

substituted triarylamine derivative on Au(111). The two different ad-

sorption structures phase α and phase β were analyzed in detail. The

close-packed phase α is stabilized via dipolar coupling and hydrogen

bonding while (filled) unfilled porous phase β is stabilized by dipolar

coupling and metal-ligand bonding (and hydrogen bonding). This means

that all three known binding motifs for cyano ligands were observed.

Moreover and most remarkably, at least two cyano binding motifs are

needed for the formation of two of the three observed phases. This ob-

servation shows that for our case a delicate interplay between molecular

conformation, intermolecular interactions and molecule/substrate inter-

actions leads to such a behavior. In particular, the Au substrate is re-

sponsible for both the correlation of the molecular orientation in depen-

dence of the herringbone reconstruction and the arching of the molecules

as shown by DFT calculations; hence Au needs to be considered as an
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active surface for self-assembly of cyano-functionalized molecules. The

strong molecule/substrate interactions result in the observed arching,

which consequently leads to a large distance between the central N-atom

and the Au substrate (4 Å). Hence, the interaction between this atom and

the substrate is weak. It has been shown recently that a covalently bound

two dimensional porous sheet containing similar triarylamine derivatives

is a ferromagnetic half-metal and as such potentially very interesting for

spintronics.71

2.3.1 Discussing an alternative structure model for

phase β

We show that phase β is promoted by the formation of metal-ligand

interactions with the Au native atoms from the surface. An alternative

structure model for phase β can be developed on the assumption that

no metal-ligand bonding take place. This model is shown in Figure 2.12.

Here, the neighboring pores are rotated by 6◦ compared to the structure

model shown in Figure 2.6c. However, we shall see that this assumption

does not fit the data. In fact, this adsorption structure can be excluded

Figure 2.12: Alternative structure model for phase β where no metal-coordination bond is present.
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for the following reasons. (i) The orientation of the pores in the model

deviates from the orientation of the pores in the STM image (see Figure

2.13). (ii) The C· · ·N distance (4.3 Å) and the N· · ·H distance (3.7 Å)

in this adsorption structure are larger than the ones reported in litera-

ture.26,54 They are too large to establish hydrogen bonding interactions.

(iii) This arrangement cannot explain the increased contrast in the STM

images in-between the three molecules. Another interesting fact that

Figure 2.13: STM image of phase β overlaid with two possible structure models: a) structure model
without metal-ligand bonding; b) structure model with metal-ligand bonding. It is clearly visible
that the latter agrees better with the underlying STM image.

supports the metal coordination binding motif hypothesis is related to

the island terminations. Looking in detail at the island edges of the

two phases it is clear that the island edges of phase α are terminated by

the pores’circular motif (blue dotted circles in Figure 2.14) while phase β

island edges are terminated by an additional line of molecules (black dot-

ted line). The self-assembly of the latter phase can be then rationalized

by considering two steps of assembly. One step involves the formation

of 3-fold super units (purple triangles in Figure 2.14) and in a second

step these super units self-assemble in a porous network structure. The

fact that the 3-fold super units always terminate the edges of phase β

strongly suggest the presence of such hierarchical self-assembly. Finally,

very large islands of not filled porous network of phase β can be ob-
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Figure 2.14: a) STM image (30 x 30) nm2, (U = 1.4 V, I = 50 pA) Phase α island edges are
terminated by the pores’ circular motive (blue dotted circles). b) STM image (30 x 30) nm2, (U
= 1.2 V, I = 60 pA) Phase β island edges are terminated by an additional line of molecules (black
dotted line) that saturates the binding motif that forms the 3-fold super units (purple triangles).
These super units are always terminating the island edges of phase β. This evidence suggests that the
super units binding motif is stronger than the cyano antiparallel dipolar coupling and thus supports
the metal coordinated bond hypothesis.

tained by annealing the surface to 175◦ C as shown in Figure 2.15. This

network is an interesting support network to hosting new molecules in-

side the pores. For this reason, it might have interesting applications for

catalysis and guest molecules storage (i.e. H2).

2.4 Experimental and theoretical details

Experimental Details : The experiments were performed in a two

chamber ultra-high vacuum system with a base pressure < 5·10−10 mbar.

The Au(111) single crystal was prepared by several cycles of Ar+ sputter-

ing and subsequent annealing at 350◦ C. The molecules (achiral tricyano-

substituted triarylamine derivative)

4, 4, 8, 8, 12, 12−hexamethyl−4H, 8H, 12H-benzo[1, 9] quinolizino[3, 4, 5, 6, 7−
defg] acridine−2, 6, 10−tricarbonitrile

were sublimed in situ at a temperature of about 160◦ C from a homebuilt
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Figure 2.15: STM image (100 x 100) nm2, (U = 1.4 V, I = 15 pA) of phase β after post deposition
annealing at 175◦ C. Nearly all the pores are empty (> 92%). The contrast was adjusted that the
underlying herringbone reconstruction is visible.

evaporator while the sample was kept at room temperature during the

molecule deposition. A quartz-crystal microbalance was used to moni-

tor the deposition rate, which was kept constant at around 0.2 ML/min.

STM images were acquired at 77 K using a platinum-iridium tip in con-

stant current mode. All bias voltages are with respect to the sample.

The STM images were analyzed using the WSxM software,72 while the

correlation analysis was done using Python and Qti-plot. LEED patterns

were recorded using an Omicron multichannel plate LEED. LEEDPAT

was used to simulate the LEED patterns. Density Functional Theory Cal-

culations carried out by Abdelkader Kara: All calculations were carried

out within the framework of density functional theory (DFT), as em-

bedded into the Vienna ab initio Simulation Package (VASP)73 version

5.2.12. The calculations were performed using the generalized gradient

approximation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE) as

well as by including the non-local interactions through the self-consistent

van der Waals density functional theory (optB8861 and optB86b74 func-

tionals) as implemented in the VASP package.73 The interaction between
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the valence electrons and ionic cores is described by the projector aug-

mented wave (PAW) method.75,76 A kinetic-energy cutoff of 400 eV was

used for the wave functions. The molecules were introduced in a 25 Å

- 35 Å - 10 Å box for the dimers, and in a 35 Å - 35 Å - 10 Å for the

trimeric configuration. The k-points sampling used for the calculations

was 1 - 1 - 1. An additional calculation was performed using a 3 - 3

- 1 k-point sampling, and the change in the binding energy was found

to be negligible, 8 meV for the trimetric case using the optB86b func-

tional. The adsorption on the Au(111) surface was simulated by placing

the molecule on one side of a (6 - 6) slab containing three layers of Au

with 19 Å of vacuum separating the two surfaces. The k-point mesh of

3 - 3 - 1 is used for this calculation. During the structural relaxation,

the atoms of the molecule as well as those of the first layer atoms of the

substrate were allowed to relax. The bottom two layers of the substrate

are kept fixed. The relaxation was done with a 0.01 eV/Å force criterion.
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[21] Heim, D., Écija, D., Seufert, K., Auwärter, W., Aurisicchio, C., Fabbro, C.,
Bonifazi, D., and Barth, J. V. Journal of the American Chemical Society 132(19),
6783–6790 (2010).

[22] Heim, D., Seufert, K., Auwärter, W., Aurisicchio, C., Fabbro, C., Bonifazi, D.,
Barth, J. V., and Auwärter, W. Nano Letters 10(1), 122–128 (2010).

[23] Koepf, M., Chérioux, F., Wytko, J. A., and Weiss, J. Coordination Chemistry
Reviews 256(23-24), 2872–2892 (2012).

[24] Liang, H., He, Y., Ye, Y., Xu, X., Cheng, F., Sun, W., Shao, X., Wang, Y., Li,
J., and Wu, K. Coordination Chemistry Reviews 253(23-24), 2959–2979 (2009).
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