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Abstract

Control of molecule adsorption and ordering on metal surfaces is of critical im-
portance for the design and fabrication of molecule-based functional materials. In the
present work the molecule layer structures of coronene on Au(111) and HOPG are stud-
ied by combining experiment using scanning tunneling microscopy, with image analysis
techniques to unravel small changes in molecule adsorption geometry. Coronene forms
a densely packed layer on Au(111) and HOPG at room temperature, but does not
preferentially decorate the herringbone reconstruction. The molecule layer structure is
confirmed by histograms of molecule radius and apparent height obtained from STM
images using a python based, open source code. Annealing to 116°C initiates a tilting
of coronene molecules on Au(111) by about 114+4° which is deduced from statistical
image analysis. The structural analysis is combined with an assessment of apparent
height modulation with bias voltage to ascertain reliability of the statistical analysis.
Our work illustrates that the combination of advanced image analysis processing and

STM images allow to extract even small changes in molecule layer structure.
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Introduction

Coronene molecules (Cy4Hjo) have garnered attention in diverse field including graphene syn-
thesis, ! supramolecular chemistry and assembly,®% and even superconductivity. ”® Coronene
molecules are one of the smallest repeating molecular units with graphene lattice structure,
and have consequently attracted interest as a model system,® and in the study molecule-
surface interactions. Coronene is a polycyclic aromatic hydrocarbon and intermolecular
interactions are solely due to van-der-Waals bonding. The structure of single and multilayer
coronene depends sensitively on the molecule-substrate interaction which competes with the
intermolecular forces.!? Bulk coronene crystallizes in a monoclinic crystal structure and the
molecules form stacks along the b-axis which are tilted with respect to each other optimizing
inter-molecule interactions!!!2

Coronene molecules are chemisorbed on Si(111) and lie flat on the surface, occupying
specific sites due to their interaction with unsaturated bonds in the (7x7) reconstruction.
The strong interaction with the Si surface also leads to slight buckling within the molecule,
and long range order, which is driven by intermolecular interactions is suppressed. 4 This
is in contrast to Ge, where the coronene molecules form a tilted adlayer, and a flat, weakly
adsorbed second layer.'16 Coronene is van-der-Waals bonded to surfaces such as HOPG
and MoS, and self-organizes in densely packed, well ordered layers.'”?° The most commonly
studied metal surfaces are Ag,?"25 Au, 782426732 and Cu, 233 mostly for the (111) orientation.
These weakly interacting Cor/metal systems show long range molecular order, but strongly
interacting substrates such as Rh, Ir, and Ru, which are also commonly used for graphene
synthesis, suppress long range ordering.»* Ag(111) is somewhat intermediate between weak
and strong adsorption and flat as well as tilted coronene orientations have been reported. 2324
In Cor/Au(111) the molecular layer adopts a commensurate (4x4) surface structure,?® which
is not affected by the herringbone surface reconstruction. This system adopts a Stranski-
Krastanov growth mode for multilayers, which is also seen on HOPG.?? The majority of

studies on the Cor/Au(111) system were performed in solution often with liquid-STM tech-
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niques, and molecular ordering is then influenced by the interaction with the solvent and
results cannot directly be compared with vacuum deposited materials.?" 32

The assessment of molecular orientation (i.e. flat, upright, tilted) is vitally important to
control materials properties and in particular charge transport in molecular adlayers. We
seek to address this question for the Cor/Au(111) system®?* and observe the changes to
its structure as a function of temperature, which can offer an additional control parameter
for molecule layer structure. The temperature dependence of layer structure has so far only
been considered in solution based experiments for Au(111)%29 and Ag(110)?® substrates.
We present study which combines STM/STS with statistical image analysis. Our work
illustrates the onset of molecule tilting in response to annealing for Cor/Au(111). Deposition
of coronene on HOPG (highly oriented pyrolitic graphite) was used for comparison. Open

source Python libraries are used for image analysis, and offer in combination with STM

insight in the details of the coronene layer structure.

Experimental

All experiments were performed under ultrahigh vacuum conditions (base pressure: 3x10~1°
mbar) using an Omicron VT-STM (variable temperature-scanning tunneling microscope).
Coronene (Sigma-Aldrich, 97.0% purity) was deposited using a homemade Knudsen-style
deposition source and monitored by a standard Chromel-Alumel thermocouple. The source
was degassed carefully prior to coronene deposition and the deposition rate was adjusted by
variation of the source temperature. Sub-monolayer depositions in combination with STM
imaging were used for calibration of the deposition rate. The substrate(s) were held at
room temperature during deposition and the source was at 180°C £+5°C. Au(111) samples
(Gold on Mica from Molecular Imaging), were annealed repeatedly in vacuum up to 500-
600°C to desorb contamination and trigger surface reconstructions. HOPG samples were

annealed overnight at 200-300°C in vacuum. To observe changes with anneal temperature,
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Cor/Au(111) samples were heated to the specific temperature and cooled to room temper-
ature before imaging. All STM measurements were done with electrochemically etched W
tips. Typical Cor/Au(111) STM imaging conditions were V, = £1.2 V and I, = 0.04-0.2
nA,V, below 0.6 V did not yield any good images, albeit it was possible to image with lower
V,, on the Cor/HOPG layers. The STM images have a slight distortion, which is seen in the
FFT patterns included in Figures 3 and 4. However, the deviation from ideality, which is
present in many STM images due to non-ideality of the piezoceramics, is identical in all our
images, and we therefore decided not to use any corrections. The agreement in distortion
across all our images also confirms that it is not induced by thermal drift. The dimensions of
the molecule envelope summarized in the histograms included in Figures 1 and 5 agree well
with expected values based on molecule geometry. The measurements of apparent height are
not influenced by this distortion. Imaging (scanning) speed was held constant throughout
the experiments, and measurements were performed near the center of the piezo-ceramic
range. Automated (or semi-automated) image analysis enables us to extract small varia-
tion in surface structure and, in the present work, variations in molecule arrangement on
a surface. However, the reliability, and hence also interpretability of the results relies on
knowledge of all the factors which can lead to an undesirable modulation of the images. One
well-known aspect is the change in apparent height as a function of bias voltage illustrated
in Figure 7, which reflects on the local density of states in the molecules. In addition, the
imaging speed as well as image size should be kept (near) constant, or the impact of these
parameters on the image features has to be clearly understood and integrated in the image
analysis and interpretation. Images can include shear or other systematic image modulation
due to the performance of a specific piezo-ceramic element or other systematic, instrument
specific errors. For this purpose we include in Figure 4 the FFT (Fast Fourier Transform)
calculated from the respective STM images. The angles between the diffraction spots in
the FFT were measured by marking the center of each diffraction spot. The variations in

internal angles (counted clockwise) for images progressing from ambient temperature to 97°
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C annealing to 116 °C annealing steps are: £2°, +1°, and +2.5°, with the variation for the
two highest temperatures being £0.5°, £0.5°, and +1°. The error in the angle measurement
overall is estimated to be about +1° as determined from repeated sampling. The change in
shear from image to image is largest for the two lowest temperatures with closely matched
height and distance histograms, and the variation in shear is smaller for the two highest
temperatures, where the height distributions indicate a change in molecule conformation
or stacking. Hence, variations in image shear can not be held responsible for the observed
modulation of the coronene layer with temperature. It will be important in the exploration
of the limits and opportunities offered by automated image analysis to ascertain the possible
impact of image distortions. In our case, the shear is rather small and we therefore did not

use an image correction which can itself introduce artefacts.

Data Analysis

All STM images were analyzed using WSxM?* and /or Gwyddion.?**> SPIW /SPIEPy3¢37 was
used to determine topographic maximum/minimum positions. Sklearn®® was applied to
calculate nearest neighbor distances based on the distances between maxima and minima.
The standard libraries for scientific computing/data analysis Scipy, Numpy, and Matplotlib
were also applied The molecule spacing is defined as the distance between maximum positions
where each maximum position represents a single molecule. The molecule radius is the
distance between the the maximum position and the next nearest minimum. Each minimum
position corresponds to the edge of the molecule which coincides with the physical gap
between molecules defined by the hydrogen terminated perimeter. The height of a given
molecule (h,,) is calculated as the difference between measured STM height from molecule
center to nearest minimum point. An example of this process is summarized in Figure 1.Note
that all heights cited in this work are apparent heights since in STM height information is

always convoluted with the local density of states. This is most readily apparent in Figure
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7, where it is shown that apparent height is a function V, (bias voltage). The minimum
height position in the closed molecule layers corresponds to the hydrogen terminated rim of
the coronene and not to the substrate surface. All "heights" cited in this manuscript should
be understood as "apparent heights". The image analysis was first tested for Cor/HOPG
which is known to adopt a flat configuration.!”

Figure la shows a representative STM image as it was recorded for Cor/Au(111). The
STM image is translated into a 2D array of molecule positions (Figure 1b). This 2D array
in [x,y|] format is referenced to values in the STM image, thus producing molecule height,
molecule distance, and molecule radius values included in Figures 1c - d. A ball-and-stick
model of coronene and its hexagonal envelope, which defines the molecule perimeter in the
STM images, is also included (Figure le).The automatic detection of maxima and minima
and their corresponding position within an image yields the distance histograms. Within
some margin of error, these points should be positioned at the same physical symmetry
point(s) on an individual coronene molecule. In the case of the highly symmetric coronene
molecule the maxima are indeed positioned at the molecule center, but this is certainly not
valid for all types of molecules and has to be tested for each material. The histograms shown
in Figure 1d reflect the hexagonal shape of the molecule: the shortest distance from center
to hexagon edge coincides with the lower distance limit in the histograms.

STM images are flattened, Gaussian smoothed, and masked to remove image aberrations
introduced in the experiment from consideration in the image analysis. The SPIW /SPIEPy
algorithm is suited for atomically flat high quality STM images with a large degree of peri-
odicity (i.e. atomic or molecular surface structure). Due to streaks and other experimental
imaging artifacts, which are quite common, the algorithm does not find a peak for every
molecule in the image. The number of molecules per data point for the subsequent discus-
sion is between 50-500 molecules depending on the scan size and image quality, and several
images were used per datapoint. The standard deviation (STD) of each calculated value

expresses the measurement error rooted in the analysis of the STM images.
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Results and Discussion

Figure 2 shows the molecule arrangement for a single layer of coronene on HOPG, and the
corresponding FFT (Fast Fourier Transform) pattern, which reflects the hexagonal symme-
try. The images in Figure 2 were recorded with different V;, probing the empty states of
molecules and substrate. The image taken V, = 1.2 V is dominated by the molecule signal.
Figure 2b, on the other hand, displays a fine structure, which is likely dominated by contri-
butions from the HOPG substrate since at V, = 0.1 V only states within the band gap of
coronene (E;, = 2.4 eV) can be probed. At the same time the relatively high feedback current
of 1 nA used in these measurements positions the tip close to the surface thus increasing the
contribution from HOPG to the tunneling current. In the FFT pattern the signature of the
hexagonal lattice from the molecule overlayer, and the FFT signature of the intra-molecular
structure, which is positioned at larger inverse distance values in the FFT, are rotated by
about ~ 12° with respect to each other. This is in agreement with the previously reported
V21 x v/21R £10.9° superstructure of coronene on HOPG(0001).'"3 and confirms that the
image recorded at V, = 0.1 V shows the underlying graphite surface, superposed on the
coronene surface layer structure.

The coronene layer on Au(111) (Cor/Au(111)), is shown in Figure 3 prior to annealing:
the molecules do not preferentially adsorb at specific bonding sites defined by the Au(111)
herringbone reconstruction, which was confirmed prior to deposition, due to the relatively
weak molecule-substrate interaction.“’#! The unit cell is marked in Figure 3b. The lattice
constant of 1.15 nm confirms the 4 x 4 commensurate layer structure where the molecules
lie flat on the surface.?® Deposition of the molecules at RT was followed by annealing to a
maximum of 116°C and a representative selection of images is assembled in Figure 4. Some
images show sections with artifacts from streaks such as in the bottom section of Figure 4a,
and 4b, which are not unusual in molecule imaging, and these regions are excluded from
the statistical analysis. 4c is measured after annealing to 116°C. This temperature is below

the multilayer desorption temperature, and avoids any decomposition of the molecule.!® The
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initial coverage is chosen to achieve a complete 1st layer with very sparse 2nd layer islands.

Imaging the same sample with V, = 1.2 V and a smaller tunneling current of 0.05 nA
on rare occasion delivered an image such as the one shown in Figure 4d. Figure 4d is near
identical to the STM images of coronene molecules on Ag(111) presented in?? which were
interpreted as tilted molecules in agreement with tilt of about 16° given by Yannoulis et al.??
The linescan on the right hand side of the image seems to support this interpretation where
the smaller protrusion on the left hand side of individual molecule images might correspond
to one benzene ring where the m bonded system interacts most strongly with the substrate.
However, the unusual image contrast can equally well be explained by the modification of
the tip by termination with a coronene molecule introducing an asymmetric appearance in
the images. This image was not included in the statistical image analysis discussed in the
next paragraph.

Figure 5 summarizes the results of the statistical analysis as a function of annealing
temperatures for Cor/Au(111) and includes the distributions of molecule radii (distance from
the molecule center to boundary), and intermolecular distance measured from maximum-to-
maximum. All data included in this analysis were measured with identical V, = 1.2 V. The
position of maxima and minima are determined using the method described in the Data
Analysis section. The molecule radii histograms reflect the hexagonal shape of the molecule
envelope and the smallest radii of about 0.55 nm correspond to the apothem r (incircle
radius) of the molecule envelope, while the longest distances of about 0.75 nm corresponds
to the circumcirle radius R and agrees with the geometric relation defined by the hexagon
shape. The radii as a function of temperature shown on the right hand side of the figure use
the maxa of the radius histograms. The distribution of radii as well as the distribution of
intermolecular distances are not modified by annealing, and Cor/Au(111) and Cor(HOPG)
layers are identical within the measurement error. This is summarized in Figure 5c - d.

The next analysis step, the assessment of molecule height, is illustrated in Figure 6. The

height of a coronene molecule in a monolayer measured with STM was previously reported

Page 8 of 27



Page 9 of 27

Physical Chemistry Chemical Physics

as ~0.05 to 0.1 nm??73% and our apparent heights are within this range with 0.09 nm=0.012
nm. All images used in this analysis were measured with the same bias voltage, and a
small tunneling current 0.12 + 0.08 nA. Details of the apparent height measurement for
Cor/Au(111) as a function of bias voltage will be addressed in the next section. The apparent
molecule height is, for a closed layer, the height differential between the aromatic rings defined
by the m-orbitals extending above the plane of the molecules, and the o-bonded hydrogen
terminated perimeter. The total height of a coronene molecule is ~0.3 nm,?® albeit in the
images of a closed layer we only measure the apparent height differential between molecule
center and top of the hydrogen terminated rim. The apparent height measured with STM
within the layer is nearly constant at lower temperatures, but increases three fold in the final
anneal step at 116°C. The representative linescans in Figure 6b - ¢ underscore this result:
they were measured along three different directions in the as-deposited sample and after
the final anneal. Before annealing the apparent height in all directions is identical within
the precision of the measurement, while this is not the case for linescans recorded after
the anneal. The statistical analysis of the images, which followed the method illustrated in
Figure 1, delivers a reliable average value for the modulation of apparent height.

Height measurements in STM always present a convolution of LDOS (local density of
states) and topography information, and the variation of the apparent height in Cor/Au(111)
images was therefore assessed independently. Figure 7 summarizes the spectroscopy data,
images, and apparent height measurements as a function of V, after the 116°C anneal. Image
quality was generally poor for V, < 0.6 V. The normalized differential conductance, which
is proportional to the LDOS, is displayed for single and multilayer islands in Figure 7a,
and indicates a p-type doping in the monolayer, and neutral position of the Fermi energy
for multilayers. The multilayer coronene island has the full band gap of 2.4 eV, while the
monolayer has a reduced band gap of about 1.5 €V due to the interaction of the molecule
frontier orbitals with the d-electron system of the metal.**** The apparent height is constant

for V, < 2.0 V, which confirms that a suitable bias voltage was selected for the statistical
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analysis. The unreliable imaging for lower bias voltage is due to tunneling into the bandgap of
the coronene layer. The reduced apparent height difference observed at higher bias voltage
exceeding 2.0 V reflects the variation in the local density of states between the rim and
the aromatic molecule center, which could not be resolved individually. Going back to
Cor/HOPG the importance of checking for the apparent height is evident - in Figure 2
the molecules are depressions for V, = 1.2 V but protrusions for V, = 0.1 V due to the
contributions from the LDOS of molecules or the substrate. " It remains an open question
why such a contrast inversion is not seen in the Cor/Au(111) system but might be attributed
to a weak hybridization between the coronene frontier orbital and the d-band of the Au-
substrate although the desorption energies for both systems from the monolayer are similar.*5

The image analysis, and specifically the height analysis, support a tilting of the molecules
at the highest annealing temperature. Warping or other complex deformation scenarios are
not accessible within our experimental resolution. A moderate buckling with a 10° angle at
the attachment point at the molecule perimeter with respect to the detached center yields
only a small decrease in molecule radius by 4%, and a height increase at the center by 0.1 nm
or at most 17% of the molecule radius. These values are smaller than the measured height
variation, although it could be argued that the apparent height might be modified by lifting
the molecule center off the Au-substrate due to a local change in LDOS. Molecular buckling
has only been observed in coronene systems with strong molecule-substrate interaction such
as Cor/Si'® and Cor/Rh? since the molecule substrate interaction has to balance the loss
in aromaticity due to buckling. However, buckling should not be discarded as a possible
explanation for the relatively subtle variations in molecule arrangement.

A simple geometric argument can be made to obtain an estimate of the tilt angle 8 for the
molecules with respect to the Au(111) surface plane. Figure 8 shows the calculated effective
molecule diameter d.f; - corresponding to the molecule dimension as measured with STM

as a function of tilt - and the molecule height h.;; and assumes that the molecules tilt but

10
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do not significantly overlap as shown in the sketch included in the Figure:

deff = deorcos(6) (1)

heff = dwrsin(é’) + hcor (2)

for the case of non-overlapping molecules. h.,, is set at 0.1 nm, and d.,,. at 1.15 nm. The
effective molecule diameter changes indeed very little at low tilt angles and this minute
variation is difficult to detect experimentally. In contrast, the molecule height increases
significantly even at low tilt angles. Any tilt angle of less than 20° will only be recognized
by a variation in molecule height, but not in a change in effective molecule diameter. The
molecule height observed in the as-deposited layers, and the last annealing step are marked
as gray bars whose width corresponds to the experimental error. This estimate yields a
tilt angle of 11+4°/ Small tilt angles are therefore accessible with good precision if a large
number of molecules is included in the analysis. The line scans agree with this tilt angle albeit
have a much larger margin of error due to the smaller number of datapoints. In conclusion,
monolayer coronene on Au(111) is flat after deposition, and adopts a small molecule tilt
without or only very small overlap between the molecules after annealing to 116°C.
Coronene molecules arriving on the Au surface will preferentially adsorb with their 7
bonded system flat on the surface, which is the most common adsorption geometry for simple
aromatic molecules such as benzene, and polycyclic aromatic hydrocarbons.*%4” The weak
interaction between Au and coronene still allows for diffusion and formation of a densely
packed molecular layer with hexagonal symmetry as seen here. Structural variations in
molecular layers are frequent and subject to often small variations in interaction potentials
such as Cor/Ag(110).?°> The slightly tilted arrangement is therefore tentatively interpreted
as metastable configuration in analogy to the recently reported assessment of Cor/Cu(111).
The molecules are still tethered to the Au(111) surface through the interaction between

the molecule 7 electron system and the Au d-band/electronic surface states. The tilt for

11
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Cor/Au(111) is smaller then for either Cor/Ag(111) or Cor/Cu(111) and a theoretical as-
sessment of interaction potentials might in the future shed light on the differences.

Tilt is generally related to the density of the molecule layer, and a higher density such as
it is achieved in a full monolayer, promotes the onset of molecule tilting as an intermediate
to the bulk-type stacking with optimized van der Waals interactions between the molecules
in the bulk material. We propose that for the Cor/Au(111) system the differences thermal
expansion coefficient between bulk coronene, which exceed the value for Au by more than
an order of magnitude, is sufficient to trigger the onset of tilting through densification of the
molecule layer.*® Thermal expansion coefficients*® have their origin in the anharmonicity of
the molecule-molecule interaction potential, and hence the difference in thermal expansion
between Au and coronene is expected to hold even if the exact values might differ in thin
molecular layers compared to measured bulk values. Annealing introduces strain in the
coronene layer, which is accommodated by tilting of the molecules.

The measured tilt angle of about 11° yields a distance between Au surface and the
elevated side of the molecule of about 0.17 nm, which is not enough space to allow for a
coronene molecule to slip beneath the adjacent molecule. It is possible that the stacking is
more extreme with a larger tilt angle during heating and the molecule structure partially
relaxes after cooling to room temperature. However, energy barriers due to steric constraints
are likely to be small considering the geometry of the coronene molecule, and we therefore
propose an alternative interpretation for the retention of tilt based on the work by Medeiros
et al.*” The tilt once initiated is stabilized by the bonding between the hydrogen-terminated
molecule perimeter and the Au substrate. Medeiros et al. illustrated in their comparison of
bonding for different aromatic molecules from benzene to coronene and graphene, that C-H
groups bind more strongly to the Au(111) surface than the internal C-C bonds. A slight
tilt is consequently supported, and sustained, through the favorable C-H/Au(111) bonding

configuration.

12
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Conclusion

Coronene on Au(111) surfaces adsorbs in a flat orientation at room t emperature, and the

molecules tilt after annealing to 116°C. STM/STS measurements of Cor/Au(111) in combi-
nation with the use of automated image analysis provide the basis for this observation. The
combination of experiment with image analysis software is a powerful tool in the study of
small modulations of molecule layer structure, which are very hard to detect based solely on
individual linescans. Image analysis software allows us to make full use of all parts of an im-
age and provides a statistically relevant database for interpretation of physical phenomena.

A successful implementation of the analysis routines requires high quality images, and assess-
ment of apparent height as a function of bias voltage to avoid introduction of artifacts in the
height analysis. Ideally all images will be recorded with identical (or near identical) imaging
parameters. For future work in the study of small modulations of images it might be useful
to quantify instrument specific image distortions in a separate measurement.In conclusion,
we have demonstrated that even small variations in molecule structure can be assessed in a

quantitative manner by combining STM/STS experiments with automated image analysis.
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Figure 1: Example of Cor/Au(111) and the maximum and minimum positions are located by
the SPIEPy algorithms. Maxima and minima correspond to high and low tunneling currents,
respectively. (A) STM image for Cor/Au(111) as deposited, (b) position of maxima located
by SPIEPy in the STM image, (c) histogram of height values as the difference between
maxima and minima in apparent height, (d) histogram of intermolecular spacing (max-max
distance), and molecule radius (max-min distance), and (e) Ball and stick model of the
coronene molecule. Histograms are normalized to unit height.
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Figure 2: STM images of coronene on HOPG (10x10 nm) and the corresponding FFT
patterns. Imaging conditions for (a) are V,=1.2 V, I; = 0.18 nA, scale bar FFT 2.5 1/nm,
and for (b) V,=0.1, I,= 1 nA, scale bar FFT 2.2 1/nm.
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Figure 3: (a) STM image (V, = 1.2 V, I, = 0.18 nA) of coronene molecules adsorbed on
the Au(111) surface. The herringbone reconstruction of the Au-substrate is visible through
the molecule adlayer. (B) Higher resolution STM image (V,=1.2 V, [;=0.1 nA) of coronene
molecules on the Au(111) surface. The molecule structure is superimposed on the image,
and the inset shows the corresponding FFT pattern (scale bar 1.7 1/nm). Both images were
taken before annealing.
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Distance (nm)

Figure 4: STM images after annealing steps (a) as deposited, (b) 97°C anneal, and (¢) 116°C
anneal. These images are 20x20 nm, and V, = 1.2 V, I; = 0.1 nA. (d) after 116°C anneal
measured with V, = 1.2 V. I, = 0.05 nA; image size 10x10 nm
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Figure 5: Summary of molecule spacing and radius variations as a function of anneal temper-
ature. (a) Histograms of intermolecule distance), (b) histograms of molecule radii, (c) average
values for molecule distance versus anneal temperature, (d) average values of molecule radii
versus anneal temperature. Data for Cor/Au(111) and Cor/HOPG are included. Histograms
are normalized to unit height.
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Figure 6: (a) Summary of molecule height variations with anneal temperature for
Cor/Au(111), and room temperature data for Cor/HOPG, (b) typical linescans across
molecule after 116°C anneal for Cor/Au(111), and (c) typical linescans across a molecule
before anneal on Cor/Au(111).
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Figure 7: (a) Normalized ST spectra (dI/dV)[(I/V)] from a coronene monolayer after anneal
116°C, and a small patch of multilayer coronene island on Au(111).

Voltage dependent STM images of Cor/Au(111) after the anneal to 116°C: (b) 20x20 nm
at Vp=0.7 V, (c) 20x20 nm at V,=1.2 V, (d) 15x15 nm at V,=1.5V, and (e) 10x10 nm at
V,=2 V. (f) summarizes the apparent molecule height difference between molecule center
and hydrogen terminated rim in between molecules as a function of bias voltage. Any
imaging below ~0.6 V resulted in poor image quality.
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Figure 8: Summary of the geometric tilting model for Cor/Au(111) comparing the variation
in effective molecule diameter and molecule height with molecule tilt angle measured with
respect to the Au(111) surface plane. Gray bars represent corresponding molecule height
measured from STM images for (a) no anneal and (b) 116°C anneal and the width of the
bar corresponds to the measurement error.

27



