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Chapter 3

Assembly of
cyano-functionalized
sexiphenyl molecules on
Au(111)

In this chapter, we report a study of the self-assembly of parahexaphenyldicar-
bonitrile on Au(111) studied by means of scanning tunneling microscopy (STM) and
“qPlus” non-contact atomic force microscopy (NC-AFM) with sub-molecular resolu-
tion. Imaging of molecular networks in real space with sub-molecular resolution is
able to give insight into the forces that govern molecular self-assembly on surfaces. A
rhombic nanoporous network stabilized by a non-planar binding motif with C-N· · ·H
bonds is found after molecule deposition on Au(111) at room temperature. Thermal
annealing at 575 K induces an irreversible change of the molecular arrangement to
a hexagonal nanoporous network stabilized by metal-ligand interactions with native
gold atoms. A similar nanoporous network is obtained at room temperature upon
deposition of cobalt atoms. Based on sub-molecularly resolved STM and NC-AFM
images, the different binding motifs are analyzed and compared to literature results.
The work presented in this chapter is based on the manuscript Intermolecular inter-
actions of parahexaphenyldicarbonitrile on Au(111): A combined STM and NC-AFM
study.∗ The molecules were synthesized by Leticia Monjas in the group of Anna
Hirsch.

∗Intermolecular interactions of parahexaphenyldicarbonitrile on Au(111): A com-
bined STM and NC-AFM study.
Juan Carlos Moreno-López*, Stefano Gottardi*, Leticia Monjas, Leonid Solianyk, Jun
Li, Kathrin Müller, Fei Song, Tuan A. Pham, Anna K. H. Hirsch and Meike Stöhr,
(to be submitted).
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3.1 Introduction

A promising strategy for building functional molecular assemblies is

based on the autonomous organization of molecules without human in-

tervention. This strategy is better known as molecular self-assembly.1,2

Such an approach opens up opportunities to fulfill the actual require-

ments of cheaper, more flexible and sustainable materials.1–3 However,

the design of molecular 2D architectures demands a clear understanding

of several processes that take place when the molecules are deposited on

a surface.4,5 Given that the adsorption geometry of the molecules de-

pends on their interaction with the surface,5 a real-space observation of

the molecules with sub-molecular resolution is a desirable prerequisite to

obtain insight into the forces that govern molecular self-assembly.

A key step towards sub-molecular resolution imaging in real-space was

achieved by Giessibl in 1998 with the development of a new sensor for

non-contact atomic force microscopy (NC-AFM), the “qPlus” sensor.6

Eleven years later, Gross et al. reported unprecedented high-resolution

images of individual pentacene molecules using a “qPlus” NC-AFM and

a tip functionalized with a CO molecule.7 The “qPlus” sensor has re-

cently enabled: bond-order discrimination due to enhanced Pauli repul-

sion in bonds of higher order,8 direct imaging of intramolecular structural

changes for surface-supported chemical reactions9 and the imaging of co-

valently linked oligomer chains.10 The operating principles of NC-AFM

and the “qPlus” sensor were presented in Chapter 1.

Whereas NC-AFM has been established as an invaluable tool for

imaging and determining covalent bonds within molecules and on-surface

polymers, the possibility to directly image non-covalent intermolecular

bonds is a controversial topic recently receiving considerable attention.

Zhang et al.11 and Sweetman et al.12 claimed to be able to image inter-

molecular hydrogen bonding with NC-AFM. Sweetman et al.12 support

the idea that intermolecular contrast due to Pauli repulsion13 occurring

at the tip-sample junction can lead to imaging of non-covalent inter-

molecular hydrogen bonds. On the other hand, Hapala et al.14 showed
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Assembly of cyano-functionalized sexiphenyl molecules on Au(111)

Figure 3.1: Chemical structure of parahexaphenyldicarbonitrile (P6).

that intermolecular bonding-like features should not be directly inter-

preted as hydrogen bonds. They explained how the relaxation (bending

and flipping) of the CO molecule at the STM tip apex can create ar-

tifacts similar to what was observed in NC-AFM images of hydrogen

bonds. Moreover, Pavliček et al.15 and Hämäläinen et al.16 reported

examples of NC-AFM images displaying bonding-like features between

two atoms where no bond is present. In the following, we report experi-

mental evidence supporting the idea that bonding-like features observed

for intermolecular non-covalent interactions should not be directly inter-

preted as intermolecular bonds. Furthermore, we show for the first time

the imaging of self-assembled nano-porous networks with sub-molecular

resolution. In particular, by means of Scanning Tunneling Microscopy

(STM) and “qPlus” NC-AFM, we study the self-assembly of parahexa-

phenyldicarbonitrile (P6) on Au(111). The molecule, whose structure is

depicted in Figure 3.1, features terminal cyano groups connected to six

phenyl groups, which can twist with respect to each other due to steric

hindrance and are thus not lying flat on the surface.

3.2 STM and NC-AFM measurements of

the different molecular networks

Two nanoporous networks are observed upon deposition of P6 on

the Au(111) surface; one before and one after annealing at about 575

K. Whereas for as-deposited P6 on Au(111) held at room temperature

hydrogen-bonding interactions stabilize a rhombic network, a hexagonal

network forms after annealing at 575 K, which can be explained by the

presence of metal-ligand interactions between the molecules and native
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gold atoms of the substrate. “qPlus” NC-AFM images allow us to clearly

identify the geometry adopted by the molecules and therefore determine

the bonds involved in the stabilization of both nanoporous networks. We

compare our findings with previously reported results that were obtained

for P6 on Ag(111).17,18

The experiments were performed in an ultra-high vacuum system with

a base pressure ≤ 1 x 10−10 mbar. Au(111) single crystals were prepared

by several cycles of Ar+ sputtering and subsequent annealing at 700 K.

The P6 molecules were sublimed in situ at a temperature of about 600 K

while the sample was kept at room temperature during molecule deposi-

tion. A quartz-crystal microbalance was used to monitor the deposition

rate and a constant rate of about 0.1 ML/min was used during each de-

position. STM images were acquired at 77 K using a platinum-iridium

tip. NC-AFM images were acquired at 5 K with a tungsten-etched tip

mounted on a tuning fork in a “qPlus” sensor geometry. All bias voltages

are reported with respect to the sample.

Since the molecules are mobile on the Au(111) surface at room tem-

perature, the samples were cooled to 77 K for imaging. Figure 3.2A

shows an STM image acquired at 77 K after deposition of 0.15 monolay-

ers (ML) of P6 on Au(111). Based upon statistical analysis, we found

that 90% of the molecules are arranged in a rhombic porous network

geometry, while the remaining 10% do not show long-range order and

are usually found surrounding the rhombic networks (bottom-left part

in Figure 3.2A). In these disordered areas, different intermolecular inter-

actions are observed including metal-coordination that will be discussed

later. Remarkably, P6 adsorbed on Au(111) self-assembles in just one

nanoporous network for sub-monolayer deposition up to the maximum

coverage possible to have the surface completely covered by rhombic net-

work. This behavior is in contrast with what observed on Ag(111), where

several nanoporous networks of P6 molecules coexist on the surface at the

same time, including the rhombic network observed here.17 It is worth

noting that in contrast to Ag(111), the rhombic network on Au(111) is
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Assembly of cyano-functionalized sexiphenyl molecules on Au(111)

Figure 3.2: STM images of sub-
monolayer coverage of P6 on Au(111).
A) (24 nm)2, (V=−1.0 V, I=20 pA,
TSTM = 77 K). The white arrows in-
dicate the quasi-hexagonal rows that
perturb the rhombic network. Three-
fold and 4-fold metal-ligand motifs
are highlighted with full and dashed
rectangles, respectively. B) High-
resolution STM image of the rhom-
bic network (12 x 4) nm2, (V=0.1 V,
I=150 pA, TSTM = 77 K). The semi-
transparent rectangle shows the unit
cell of the porous network. The prin-
cipal substrate directions are indicated
by white arrows on the right.

perturbed every 4-10 rows by a linear row of quasi-hexagonal pores (white

arrows in Figure 3.2A). A careful inspection of the STM images reveals

that the rhombic network is mainly interrupted at the elbow sites of the

Au herringbone reconstruction. Figure 3.2B shows a close-up view of the

rhombic network in which the principal Au(111) directions are indicated.

Single molecules are easily identified by their rod-like shape (� 30 Å in

length) in very good agreement with the reports for P6 on Ag(111).17,18

The unit cell of the rhombic network is marked by the semi-transparent

rectangle in Figure 3.2B. It contains four molecules: two of them with

their long axis pointing along the [11-2] direction and the other two are

oriented along the [1-21] direction (± 2◦). The unit cell vectors are a =

4.7 nm, b = 3.7 nm and φ = 90◦, and are in agreement with the rhombic

network reported on Ag(111).18

Figure 3.3A shows a “qPlus” NC-AFM image (frequency shift map)

acquired in constant-height mode on a 4-fold connection of the rhom-

bic network. Both the six phenyl rings and the cyano groups of the

P6 molecule can be clearly identified. The molecular features are sur-

rounded by a dark halo due to van der Waals forces between tip and
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Figure 3.3: A) Constant-height NC-
AFM image (4 nm)2, (V=0.0 V,
TSTM = 5 K) of the 4-fold binding
motif of the rhombic network acquired
with a CO-terminated tip. B) Super-
position of the molecules onto the 4-
fold binding motif. The red dashed line
marks the bonding-like feature that
largely exceeds the typical length for
hydrogen bonding.

molecules. The bright signal is related to covalent intramolecular bonds

and originates from Pauli repulsion between the electrons in the p or-

bitals of the CO at the tip apex and the electrons in the orbitals of the

P6 molecule.7,10,13 We can easily conclude from NC-AFM images that

the C-N· · ·H-C hydrogen bond is the main interaction that stabilizes the

P6 rhombic network.

A closer inspection of Figure 3.3A reveals the presence of bonding-

like features between neighboring molecules. However, these features

should not be directly interpreted as intermolecular bonds.14–16 In order

to get a deeper insight into the intermolecular interactions stabilizing the

rhombic network, we performed a geometrical analysis for the molecular

adsorption model. Figure 3.3B shows the schematic model of the mole-
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Assembly of cyano-functionalized sexiphenyl molecules on Au(111)

cular arrangement overlaid on the NC-AFM image. With this model the

possible intermolecular binding motifs (in this case hydrogen bonds) can

be rationalized. Theoretical and experimental studies show that the (C-

N· · ·H-C) hydrogen bond lengths are in the range of 2.0−3.2 Å.11,17,19–22

Comparing these values to our measured values we can conclude that the

lengths of some of the imaged bonding-like features exceed the expected

values for hydrogen bonding. In particular the feature marked in red in

Figure 3.3B is clearly too long (4.1 Å) to be described as a hydrogen

bond. Moreover, as will be shown below, the molecules do not lie within

the same plane parallel to the substrate surface and thus, the real bond-

ing distances are even longer. With this we can conclude that at least

the observed bonding-like feature measuring > 4.1 Å is not a true hydro-

gen bond. Our results thus corroborate the findings that not all features

visible in NC-AFM frequency shift images belong to true bonds, which is

especially true for the case of non-covalent interactions. The explanation

of these imaging artifacts can be ascribed to the bending and flipping

of CO at the tip apex because of the presence of a saddle region in the

surface potential landscape.14–16

A closer inspection of the STM image in Figure 3.2B reveals a differ-

ence in the STM contrast of the molecules depending on their orientation.

Higher contrast is observed for the molecules oriented in the [11-2] di-

rection whereas lower contrast is observed for the molecules in the [1-21]

direction. In order to discard imaging artifacts caused by the tip status

and/or the STM feedback, we imaged the sample with different tips and

additionally in constant-height mode (without feedback). All these mea-

surements gave the same result, i.e., a difference in the STM signal for

the differently aligned molecules. Similar behavior was observed for the

rhombic network of P6 on Ag(111) and was attributed to the different

adsorption sites of the molecules.17 However, since the current signal in

STM depends on a convolution of geometric and electronic contributions,

the STM image does not directly display topographic differences.23,24

To obtain deeper insight into the adsorption geometry of the mole-
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cules of the rhombic network, we performed constant-height NC-AFM

measurements at different tip-sample distances. First, we chose a dis-

tance for which the molecules oriented in the [11-2] direction were clearly

resolved (Figure 3.4A red arrows). For this position, the molecules ori-

ented in the [1-21] direction are barely discernible from the dark halo

surrounding them (Figure 3.4A blue arrows). Approaching the tip closer

to the surface, the molecules oriented along the [1-21] as well as the [11-2]

direction could be resolved. However, the molecules oriented in the [1-21]

direction still appear darker (Figure 3.4B) than the molecules oriented

along the [11-2] direction. Approaching the tip even closer, the molecu-

les oriented along the [11-2] direction are now imaged in a distorted way

due to the very repulsive interaction felt by the CO molecule on the tip

apex, whereas the molecules oriented in the [1-21] direction are still well-

resolved (Figure 3.4C). To interpret these results, we review the image

contrast formation of NC-AFM when using tips functionalized with CO.

For an optimum tip-sample distance in high-resolution constant height

NC-AFM, the internal molecular structure appears as a bright protru-

sion surrounded by a dark halo. The bright protrusion arises from the

repulsive Pauli forces between the tip and the molecule,13 whereas the

dark featureless halo is mostly due to attractive van der Waals (vdW)

forces.7,10,13 On the other hand, when the tip-sample distance is either

larger or smaller than the optimum one, the NC-AFM image exhibits

different characteristics. For an increased tip-sample distance, the Pauli

contribution starts to decrease, making the image a featureless dark halo

for adsorbed molecules. On the contrary, when the tip-sample distance is

excessively reduced, the repulsive Pauli forces can easily induce a lateral

displacement of the CO molecule attached to the tip apex, resulting in a

distortion or even inversion of the image contrast (i.e. positions on the

molecule between atoms can be imaged brighter than positions where

atoms are present).14 We conclude that the molecules oriented in the

[11-2] direction have a larger molecule-substrate distance than the ones

oriented in the [1-21] direction. Our combined STM and NC-AFM data
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Assembly of cyano-functionalized sexiphenyl molecules on Au(111)

Figure 3.4: Constant-height
AFM images of the rhombic
network acquired at different
tip-sample distances. The tip-
sample distance decreases from
A) to C). (8 x 2) nm2, (V=0.0
V, TSTM = 5 K). Red and blue
arrows in A distinguish be-
tween well-resolved molecules
versus barely discernible mole-
cules. Yellow and green arrows
in B mark the extremities of
the molecules evidencing their
different contrast in NC-AFM
that reflects a different height
of the molecular groups. This
can be explained by the pres-
ence of tilting of the molecu-
les. Black arrows in B point
out that also at the 4-fold bind-
ing region the molecular gro-
ups do not lie exactly at the
same height.

allow the assignment of the contrast difference observed in the STM im-

ages (Figure 3.2B), at least partly, to a real height difference in molecular

adsorption.

In addition to the different adsorption height, we also observe tilting

of the molecules. This is visible by looking at the two extremities of

each molecule that display different NC-AFM contrast (see yellow and

green arrows in Fig. 3.2B). It becomes even more evident when com-

paring the ending groups of the two, equally oriented, molecules at the

binding region as indicated by the black arrows in Fig. 3.2B. The mole-

cular groups of the different molecules do not display the same height at

the binding region. These observations are consistent with the presence

of tilting of the molecules around their short axis. The tilt and the dif-

ferent adsorption height reflects a not exactly planar 4-fold binding motif.
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3.2.1 Three-fold Au-coordinated honeycomb network

After annealing the samples at 575 K, we observed an irreversible

change of the rhombic nanoporous network. Figure 3.5A shows a STM

image of the surface after annealing in which the molecules are now ar-

ranged in a hexagonal network. The herringbone reconstruction is not

lifted and remains visible in the STM images. The long axis of the mole-

cules is now oriented along the three-fold symmetric <1-10> directions

of the Au(111) surface. Unlike the quasi-hexagonal rows perturbing the

rhombic porous networks shown in Figure 3.2A, here the cyano groups

of the molecules point directly toward each other. A similar binding mo-

tif was observed for few isolated molecules around the rhombic network

before annealing but without any long-range ordering (see superimposed

rectangles in Figure 3.2A). This arrangement of the cyano functionalities

is energetically unfavorable due to the electrostatic repulsion between

the (partially) negatively charged N atoms. Thus it is assumed that this

interaction is stabilized by surface-mediated metal-ligand interactions.21

On Ag(111) a similar metal-coordinated hexagonal network was reported,

but only after deposition of cobalt atoms on the P6 overlayer.17 Figure

3.5B shows a hexagonal pore in detail. Inside the pore, atomic resolution

of the Au substrate was achieved, while at the same time the six phenyl

rings of the P6 were resolved. Using the gold atoms as a ruler, we could

precisely determine a distance of 2.04 nm between the centers of the out-

ermost 2 phenyl rings of the P6 molecule (Figure 3.5B). This distance

is in very good agreement with the one calculated in the semi-empirical

AM1 framework.17,18 In this respect, the distance between the terminal

nitrogen atoms and the expected coordinating gold atoms involved in

the metal-ligand interaction is just 0.10 nm, about half the value usually

expected for metal-ligand interactions.17,22,25,26

To determine the geometric arrangement of the molecules within the

hexagonal network, as well as to shed light on the metal-ligand interac-

tion, we performed “qPlus” NC-AFM measurements at 5 K. Figure 3.6

shows a detailed NC-AFM image of the 3-fold binding motif of the hexag-
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Assembly of cyano-functionalized sexiphenyl molecules on Au(111)

Figure 3.5: STM images of P6 molecules on Au(111) after a post-deposition thermal annealing at 575
K. A) Honeycomb network stabilized by metal-coordination between cyano groups of the molecules
and Au surface atoms. (45 x 35) nm2, (V=2.0 V, I=20 pA, TSTM=77 K). B) High-resolution STM
image (7.5 x 6.0) nm2, (V=0.01 V, I=40 pA, TSTM=77 K) of a pore where atomic resolution inside
the pore is visible. The model of the network is also reported. C) Schematic representation of the
molecular binding motif. The distance between the nitrogen atoms and the expected gold atoms
involved in the metal-ligand interaction is 0.1 nm, about half the expected value for such bonds.
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onal network. Terminal cyano groups point towards a common center.

However, the center of the binding motif is featureless and does not show

any signal coming from the expected gold atoms that are supposed to

be coordinated to the cyano groups. Reports on similar metal-organic

frameworks (MOFs) can help to explain this observation.27–29 The metal

center of MOFs exhibit a smaller adsorption height than the molecules.

Physisorbed π-conjugated planar molecules on metals lie at a distance

of about 2.7 − 3.1 Å from the surface.25,28–31 A much different signal in

NC-AFM is thus expected if the molecule and the coordinated atom are

not at the same height. In fact, a height difference of 0.6−0.8 Å between

tip and atom has been reported to be sufficient to totally suppress the

signal of “qPlus” NC-AFM.7 Therefore, if the gold atoms involved in the

metal-coordination with the P6 molecules are placed more than ∼ 0.6 Å

closer to the surface than the P6 molecules, no signal would be obtained

for the Au atoms when the molecules are well-resolved. For this rea-

son, from these measurements we cannot exclude the possibility of one

or more atoms present at the bonding site lying at a lower adsorption

height than the molecular functional groups.

In any case, the presence of metal-ligand bonding that points towards

the surface could also induce a bending of the P6’s cyano groups. Bend-

ing of the functional groups toward the surface is indeed expected from

DFT calculations in molecules featuring cyano groups.21,25 Moreover, it

is observed with NEXAFS experiments.28 An indication of the bending

of the cyano groups can be also concluded from our measurements. In

fact, from the STM measurements, a bond distance of 0.1 nm could be

determined for the metal-ligand bond between the Au atoms and the

cyano groups, which well agrees with the presence of a bending of the

cyano groups toward the surface. In fact, the projection of the bonds on

the 2D imaging plane would lead to a shorter bond length appearance in

STM when bending of the cyano groups happens.

To further corroborate our evidence of the bending of the cyano gro-

ups, we imaged by NC-AFM an area without long-range order where
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Assembly of cyano-functionalized sexiphenyl molecules on Au(111)

Figure 3.6: Constant-height NC-AFM
image (2.5 nm)2 of the 3-fold bind-
ing motif. Twisting between consec-
utive phenyl rings is clearly visible.
The image was acquired with a CO-
terminated tip. (V = 0.0 V; TSTM = 5
K). The Au atoms that are believed to
be involved in the metal-coordination
are not resolved in NC-AFM due to a
lower adsorption height.

molecules are involved in both metal-ligand and hydrogen-bonding in-

teractions (Figure 3.7). In this way, the apparent length of the cyano

groups involved in the different binding motifs (metal-coordination ver-

sus H-bonding) can be directly compared. This direct comparison should

not be affected by artifacts due to the bending of the CO molecule at the

tip apex that are known to lead to slight modifications of the size of the

molecular features in NC-AFM imaging. Following statistical analysis of

the two different binding motifs, we find that the molecules involved in

metal-ligand interactions (i.e. dashed red rectangle in Fig. 3.7) display

shorter cyano groups (9% ± 6% shorter) than the molecules involved in

hydrogen bonding (i.e. dashed red oval in Fig. 3.7). This observation

leads to a bending angle in the range of 13◦ − 31◦ between the plane

parallel to the surface and the cyano groups. Despite the large error due

to the very slight modifications of the cyano groups length for such small

bending angles, the measured value is in the typical range reported by

DFT for the bending of cyano groups on coinage metals surfaces.21,28,29

This observation gives further support to the STM results.

The fact that molecules involved in both metal-ligand and hydrogen-

bonding interactions can be resolved at the same time with NC-AFM (in

constant height mode), is also a clear indication of a similar adsorption
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Figure 3.7: A) Constant-height AFM image of a disordered area acquired with a CO terminated
tip, (9.0 nm)2 (V = 0.0 V; TSTM = 5 K). The presence of a CO molecule is indicated by the blue
arrow. A square and an oval highlight a metal-ligand and a hydrogen binding motif respectively.
B) High resolution STM image of the same area (V = −0.28 V, I = 20 pA, TSTM = 5 K). Here,
no information can be extracted regarding the twisting of the phenyls of the molecules. The cyano
groups are also not imaged by STM.

height of the molecular backbone for the two cases. Moreover, it is worth

noting that the phenyl rings of the molecules show two different geometric

arrangements. On the one hand, some molecules have their phenyl rings

twisted with respect to each other as predicted for paraphenyl molecules

(without cyano groups) in the gas phase32 and observed by STM in a

second layer of P6 absorbed on Ag(111).33 On the other hand, other mo-

lecules exhibit a more planar adsorption configuration with their phenyl

groups parallel to one another. This difference seems to be related to

the adsorption position of the molecules with respect to the underlying

substrate and was also observed in the rhombic network (Figure 3.4).

3.2.2 Three-fold Co-coordinated honeycomb network

Addition of cobalt atoms to P6 molecules adsorbed on Ag(111) is

known to lead to the formation of metal-ligand interactions between the

cyano groups and the cobalt atoms resulting in a porous network.18,33

Here we report a similar behavior observed for the case of P6 mole-

cules adsorbed on Au(111). The experiments were performed in UHV
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Assembly of cyano-functionalized sexiphenyl molecules on Au(111)

Figure 3.8: STM images (taken at 77 K) of P6 molecules on Au(111) after deposition of cobalt atoms
at room temperature. A) Overview STM image (240 nm)2 (V = −2.0 V, I = 20 pA) showing a large
island of metal-organic framework. B) STM image (120 nm)2 (V = −2.0 V, I = 20 pA) displaying
defects in the network near the step edges of the Au(111) surface.

with a base pressure ≤ 1 x 10−10 mbar. Au(111) single crystals were pre-

pared by several cycles of Ar+ sputtering and subsequent annealing at

700 K. The P6 molecules were sublimed in situ at a temperature of about

600 K while the sample was kept at room temperature during molecule

deposition. A quartz-crystal microbalance was used to monitor the de-

position rate and a constant rate of about 0.1 ML/min was used. Cobalt

atoms were added using an e-beam evaporator provided with a cobalt rod

while the substrate was kept at room temperature. STM images were

acquired at 77 K using a platinum-iridium tip. NC-AFM images were

acquired at 5 K with a tungsten-etched tip mounted on a tuning fork in

a “qPlus” sensor geometry. All bias voltages are reported with respect

to the sample.

Figure 3.8 reports STM images of P6 molecules on Au(111) after the

addition of cobalt atoms. The rhombic network discussed previously is

converted to a honeycomb network. Metal-ligand bonds are now energet-

ically favored between the cobalt atoms and the cyano groups of the mo-

lecules even at room temperature. The binding motif is realized among

three molecules similar to the case discussed previously involving cyano

groups and Au atoms of the surface. Large and highly-ordered islands of
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this network form and, importantly, no other phases are observed. The

samples are thus very homogeneous all over the surface except for the

presence of defect areas at the step edges of the Au(111) surface.

Low energy electron diffraction (not shown here) did not give a clear

enough diffraction pattern to enable us to measure the unit cell dimen-

sion of the network. This is due to the very large periodicity of this

network that leads to a very small periodicity in the reciprocal space.

However, a rotation of about 30◦ of the unit cell vectors with respect to

the Au(111) main crystallographic directions could be observed in agree-

ment with what appears after a statistical analysis of the STM images.

The unit cell vectors can be obtained from the STM images and measure

a = b = 5.7 ± 0.2 nm with a 60◦ internal angle. In this regard, the

P6 honeycomb network that forms on Au(111) after addition of cobalt

atoms is very similar to what was observed on Ag(111) where the same

experiment was performed.18,33 The surface reconstruction is a major dif-

ference between Ag(111) and Au(111) considering that the lattice con-

stants are nearly identical. Thus we can conclude that this network is

robust against the presence of the herringbone reconstruction of Au(111)

that is preserved underneath the network. This hexagonal network is

also similar to what was observed on Au(111) without addition of cobalt

but after thermal annealing (see section 3.2). The similarity of the latter

makes it interesting to investigate what differentiates these two binding

motifs. Sub-molecular resolution tuning-fork (NC-AFM) could help to

answer this question.

As described in section 3.2, P6 molecules adsorbed on Au(111) form

a honeycomb network after thermal annealing at 575 K, which is most

probably stabilized by metal-ligand interactions with native Au atoms.

“qPlus” NC-AFM measurements strongly supported this substrate medi-

ated interaction by showing that the 3 cyano groups of the P6 molecules

are pointing exactly towards each other, a configuration that would be

otherwise energetically expensive. On the other hand, NC-AFM did not

show any signal related to the metal atoms at the center of the binding

686868



Assembly of cyano-functionalized sexiphenyl molecules on Au(111)

Figure 3.9: STM/AFM acquired at 5 K. A) STM image (10 nm)2, (V = −1.0 V, I = 10 pA) of the
honeycomb Co-coordinated network. B) Same region as A but showing sub-molecular resolution by
NC-AFM. The twisted phenyls rings as well as the cyano functional groups of the P6 molecules are
now resolved. CO molecules adsorbed inside the network are imaged as bright spots surrounded by
dark halos. C) NC-AFM image enlarged (10 x 3.8) nm2 in which the cyano groups are well resolved.

motif. This, however, is not surprising since NC-AFM is only sensitive to

a small height range as discussed previously. Is this also the case for the

metal-ligand bond with cobalt atoms? Can we observe changes with NC-

AFM for the metal-ligand binding motif depending on the preparation

of the P6 honeycomb network?

Figure 3.9 reports an STM image of the Co-coordinated honeycomb

network together with the NC-AFM frequency shift images showing sub-

molecular resolution. The 3-fold binding motif is clearly visible with

the cyano groups of the P6 molecules pointing towards each other. The

phenyls rings of the P6 molecules display an alternating twisting as in

the case of the Au-coordinated network. Already from Figures 3.9B and

C, one can notice that the centers of the 3-fold binding motif do not show
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Figure 3.10: Comparison of NC-AFM images acquired at 5 K showing the 3-fold metal-coordinated
binding motif in detail. A, B) 3-fold Co-coordinated bond. A (2.0 nm)2 and B is an enlarged view
taken from Figure 3.9B where the contrast has been enhanced. C) 3-fold Au-coordinated bond.
The two cases give the same results indicating that the metal atoms involved in the coordination
reside much closer to the surface than the cyano groups of the molecules. CO molecules (used to
functionalize the tip) are adsorbed inside the network and appear as big bright spots in the image.

Figure 3.11: Illustrative model for the 3-fold binding motif between the functional cyano groups and
either Au or Co. In both cases the coordinated atoms lie lower than the cyano groups. For clarity,
the twisting of the phenyls is neglected in the model. The bending of the cyano is qualitative as well
as the number and location of the coordinated atoms. In fact, in the case of Au-coordination the
experiments suggest a binding motif that involves atoms from the surface instead of ad-atoms.

any feature that could be attributed to the presence of a cobalt atom. For

a better comparison with the case of the Au-coordinated network, Figure

3.10 shows the 3-fold binding motif for both cases in detail: with cobalt

(A,B) and without cobalt (C). It is clear that there is no difference in

the appearance of these two binding motifs as imaged by NC-AFM. We

can thus conclude that the cobalt atoms (if present) have a much lower

adsorption height than the functional cyano groups. Thus the bonds

form pointing down towards the surface. Figure 3.11 shows a qualitative

model for this bonding scenario that can also apply to the case discussed

in the previous section for metal coordination with Au surface atoms.

The comparison between these two similar networks proves that the

metal atoms involved in the metal-coordination bonds are much lower
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Figure 3.12: Operation principle of NC-AFM with chemical sensitivity. Reprinted by permission from
Macmillan Publishers Ltd: [Nature] (34), copyright (2007). A) The force acting on the tip apex
depends on the chemical species of the tip and the sample. B) Topographic image of a surface alloy
composed of Si, Sn and Pb atoms blended in equal proportions on a Si(111) substrate. Colors are
used to assign the chemical species present on the surface. C) Statistics of the maximum attractive
force measured over different atoms. Colors are assigned to different chemical species.

than the cyano groups of the molecules and that the bonding points

towards the surface. On the other hand, these experiments did not visu-

alize the metal-ligand bond and we cannot clearly define how many metal

atoms are involved in the bonding. To address this question a constant

force image would be needed. However, it is known that in this imag-

ing mode the feedback-loop is very unstable and minimum movements of

the CO molecule at the tip apex can cause a tip crash. A more feasible

approach would be to perform a Z spectroscopy mapping of the binding

motif. Z spectroscopy measures the frequency shift of the tuning fork’s

resonance during a very controlled approach of the tip to the surface. By

performing the measurement on a grid of points over the desired region,

it is possible to obtain a set of sample-tip force curves that depend on the

atomic corrugation as well as on the chemical species present.34 Figure

3.12 shows the working principle of such a measurement.

3.2.3 Investigation of four-, five-, and six-fold bind-

ing motifs

Not only 3-fold but also 4-,5- and 6-fold binding motifs were observed

for P6 on Au(111) after annealing at > 575 K. Figure 3.13 shows an

example of 3-, 4-, 5- and 6-fold interactions observed by STM after an-

nealing P6 molecules on Au(111) at 600 K. These binding motifs are
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Figure 3.13: STM images taken at 5 K of P6 molecules involved in 3-, 4-, 5- and 6-fold metal-
coordination bonds on Au(111) after annealing to 600 K. A) STM image (100 nm)2, (V = −0.8 V,
I=20 pA, TSTM = 77 K) showing a honeycomb network in the center (3-fold binding motif) that
is surrounded by regions displaying 4-, 5- and 6-fold binding motifs. B) Enlarged view image of A
(40 nm)2, (V = −0.8 V, I=20 pA, TSTM = 77 K) showing the creation of a peculiar short-range
ordered phase displaying alternating 3- and 6-fold coordination.

most likely due to the presence of metal-ligand bonds with Au atoms.

The ability of the Au atoms to support such a variety of different binding

motifs with cyano groups indicates a quite flexible behavior of Au toward

metal-coordination. However, the reality might be more complex, for ex-

ample other kinds of substrate mediated bonding could be realized i.e.

the image dipole induced on the surface by the cyano groups’ dipoles

might lead to complex multipole interactions at the bonding sites. More-

over, polymerization reactions might be catalyzed during the annealing

treatment at > 575 K and covalent bonds might form. Thus we can-

not draw robust conclusions about the nature of these N-fold (N> 3)

binding motifs from the STM characterization alone. However, we could

resolve in detail the 4-fold binding motif with NC-AFM. We will thus

focus in the following on the difference between the 4-fold bond and the

above discussed 3-fold binding motifs as they form on Au(111) without

providing additional metal atoms on the surface.

4-fold binding motifs coexist with the 3-fold metal ligand interaction.

The 4-fold binding motifs can even be observed at room temperature but

become less frequent with the annealing treatment replaced by 5- and 6-
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fold binding motifs. Compared with the 3-fold metal-coordination, the

4-fold do not stabilize the formation of any ordered superstructure on

Au(111). Instead, it is in general observed in areas of disordered P6

molecules. Figure 3.14 shows an example of such an area with a disor-

dered assembly. Different binding motifs can be identified in the same

image and thus the different intermolecular interactions can be compared

directly. Figure 3.14A reports the STM image acquired in constant cur-

rent STM mode. The same area was imaged with “qPlus” NC-AFM at

zero bias voltage. Panel B displays the residual tunneling current dur-

ing the NC-AFM measurement while panel C reports the frequency shift

signal. The NC-AFM sub-molecular resolution image allows the visual-

ization of the details of the intermolecular binding motifs in which the

cyano functionalities are involved. Hydrogen bonds, 3-fold and 4-fold

metal-coordination can be clearly distinguished. A remarkable difference

among the two binding motifs is visible with NC-AFM. In particular, a

bonding feature interconnecting the cyano groups is present in the case

of 4-fold coordination. This suggests that a quite different mechanism is

involved in the 4-fold bonds with respect to the 3-fold metal coordinated

motifs. In an attempt to look in more detail, Figure 3.15 shows a zoom

of the 3-fold metal coordinated bond together with that of the unknown

4-fold interaction. The NC-AFM image in Figure 3.15B suggests the pres-

ence of covalent bonds between the cyano groups. The distance is 4.0 Å:

about twice the size of a covalent bond. One possibility is, thus, that the

cyano bonds are linked through the interaction with 4 Au ad-atoms that

would be present in the middle of the interconnecting lines. Considering

the intensity of the NC-AFM signal, the atoms would reside at about

the same height as the molecules. Thus, in contrast to the 3-fold metal

coordination, they would be lifted away from the surface. This would

be similar to the behavior reported by Faraggi et al. for tetrafluoro-

tetracyanoquinodimethane (F4-TCNQ) molecules on Au(111) where Au

ad-atoms were lifted from the surface and incorporated in the MOF.27

Another possibility is that the bond observed by NC-AFM is not real
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Figure 3.14: STM and NC-AFM images (5 K) of P6 on Au(111). All the 3 images show the same area.
A) STM image (13 nm)2, (V = −0.28 V, I=20 pA, TSTM = 5 K) acquired with a tip functionalized
with CO. B) Residual tunneling current acquired simultaneously to the NC-AFM frequency shift
image (V=0.0 V). The sub-molecular features are not visible in the current image that looks very
similar to the Z image acquired by STM in A. C) “qPlus” NC-AFM frequency shift image showing
sub-molecular resolution of different binding motifs stabilized by the functional cyano groups. A
remarkable difference is visible in the case of 4-fold binding motifs where interconnected cyano
groups are observed. The bright dots are adsorbed CO molecules that were used to functionalize the
tip.
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Figure 3.15: Comparison between 3-fold and 4-fold binding motifs. A) “qPlus” NC-AFM frequency
shift signal for the 3-fold motif (2.5 nm)2 . The center of the motif does not display any feature that
can be ascribed to the presence of a bond. B) “qPlus” NC-AFM frequency shift signal for the 4-fold
motif (2.5 nm)2. The cyano groups appear to be connected to one another.

but is again an artifact generated by the bending and flipping of the CO

molecule at the tip apex. The possibility of imaging virtual bonds by

NC-AFM is a topic of much interest and recent discussion11,12,14–16 that

was also considered in the previous section regarding the formation of ap-

parent hydrogen bonds. Thus we consider this possibility as an equally

probable explanation of our results. However, it does not explain why we

do not experience the same effect in the case of the 3-fold binding motif: a

line interconnecting two cyano groups should be observed. We do not yet

have a clear explanation of the origin and structure of the observed 4-fold

bonds and additional experiments are planned to understand this system.

To summarize, we have studied the adsorption of parahexaphenyl-

dicarbonitrile (P6) for coverages of less than 1 ML on Au(111) by means

of STM and “qPlus” NC-AFM. The ultrahigh spatial resolution of NC-

AFM allowed us to clearly identify the molecular adsorption geometries

on the Au(111) surface as well as the different intermolecular interactions

stabilizing the porous networks. A rhombic porous network is stabilized

by C-N· · ·H hydrogen bonds forming a binding motif with a non-planar

arrangement of the molecules, whereas the hexagonal network obtained
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upon annealing is stabilized by 3-fold metal-ligand interactions between

the cyano groups and native gold atoms.

Our STM analysis and constant height “qPlus” NC-AFM images in-

dicate the presence of bending of the cyano groups to engage in the metal-

ligand interactions. However, the metal atoms involved in the bonding

are not resolved by NC-AFM due to their smaller adsorption height with

respect to the surface. The same behavior was observed in the case of

a very similar hexagonal network stabilized by metal-coordination with

cobalt atoms that were provided on the surface. Moreover, upon de-

tailed analysis of the NC-AFM images, we show that the non-covalent

intermolecular bonding-like features observed with NC-AFM should not

always be interpreted as real bonds.
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