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The adsorption of perylene-3,4,9,10-tetracarboxylic-3,4,9,10-diimide (PTCDI) on Au(111) has been stud-
ied using synchrotron-based X-ray photoelectron spectroscopy and in situ scanning tunnelling micros-
copy. Direct topographic and surface coverage information provided by the scanning probe
measurements have enabled us to correlate peaks in the relatively complex carbon core-level photoemis-
sion to interactions of the surface with different parts of the PTCDI molecule. A strong interaction
between the imide ends of the molecule with the underlying gold substrate is evidenced by a large chem-
ical shift in the imide carbon peaks, which is observed only for the first adsorbed layer.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Molecular self-assembly for the formation of ordered templates
and nanostructures on surfaces relies on a balance between non-
covalent intermolecular interactions and the nature of the adsorp-
tion to the underlying surface [2,6]. The results can be quite
spectacular, with the formation of two-dimensional molecular
templates being driven by intermolecular forces such as hydrogen
bonding and van der Waals interactions [3,7,23]. One system
which exhibits these qualities is that of perylene tetracarboxylic
diimide (PTCDI), and its derivatives, combined with melamine on
surfaces such as gold and silver-terminated silicon under UHV con-
ditions [11–13,15–19,24]. Even without the co-adsorption of other
molecules, perylene derivatives can form a variety of ordered
phases and molecular networks on surfaces by virtue of this inter-
play between surface and molecular interactions [21]. Scanning
tunnelling microscopy (STM) shows clearly that PTCDI adsorbs
with the molecular plane lying parallel to the surface on Au(111)
forming large hydrogen-bonded islands [5,9] (also PTCDA
[10,20]), and the fact that self-assembled equilibrium structures
can be formed at temperatures below 100 �C suggests that the
interaction with the surface is relatively weak. The bonding of large
organic molecules to metal surfaces is often both fascinating and
complex. It has generally been found that perylene derivatives
are more strongly bound to surfaces such as Ag(111) [22,25],
ll rights reserved.
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Ni(111) [22] and Si(111) [22], than they are to Au(111) [25]. Also,
that PTCDI interacts more strongly with the former three surfaces
than its anhydride analogue PTCDA [22]. In this paper, we explore
the chemical nature of the adsorption of PTCDI on the Au(111) sur-
face by focussing on the carbon 1s core-level photoemission spec-
trum at various coverages, combined with STM measurements
performed on identical samples in the same system. In this way,
a direct correlation can be made between the arrangement of the
molecules on the surface and the features in the core-level photo-
emission. The results suggest that for the first molecular layer ad-
sorbed on the surface there is a significant interaction between the
imide ends of the molecule and the Au(111) surface which causes
a large chemical shift in the core-level peaks associated with the
carbon atoms in these groups (see Fig. 1). However, this is not true
for all molecules in the first complete monolayer.
2. Method

The experiment was performed at the wiggler beamline MPW
6.1 at Daresbury SRS [4]. Photoemission and scanning tunnelling
microscopy (STM) measurements were carried out using two
4 mm � 8 mm 1500 Å gold on mica substrates (Agilent, USA). The
samples were prepared in the same chamber under identical con-
ditions and the PTCDI depositions were carried out simultaneously,
with one sample subsequently being analysed by STM and the
other by photoemission in parallel so as to make full use the syn-
chrotron radiation. Cleaning was carried out by sputtering using
0.7 keV Ar+ ions, and annealing to �500 �C. Images of the surface

http://dx.doi.org/10.1016/j.susc.2009.08.024
mailto:james.oshea@nottingham.ac.uk
http://www.sciencedirect.com/science/journal/00396028
http://www.elsevier.com/locate/susc


Fig. 1. Schematic representation of the PTCDI molecule. The numbered atoms refer
to the chemically different carbon atoms that give rise to resolvable peaks in the
core-level photoemission: (C1) carbon atoms along the outside of the perylene core
bonded to two carbon atoms and one hydrogen atom, (C2) carbon atoms bonded to
three other carbons within the perylene core, and (C3) carbon atoms in the imide
end groups.
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Fig. 2. C 1s core-level photoemission spectra measured using hm ¼ 340 eV for the
indicated coverages of PTCDI on the Au(111) surface (0:3� 0:06 ML, 0:5� 0:07 ML,
1:0� 0:02 ML and multilayer). Total instrument resolution was <145 meV.
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were acquired using an Omicron scanning tunnelling microscope,
housed within the UHV system, using electrochemically etched
tungsten tips, and operating in constant current mode at room
temperature. The base pressure in the UHV system was
1 � 10�10 mbar. Images of the surface taken after the sputter-an-
neal cycle show the characteristic ð22�

ffiffiffi

3
p
Þ herringbone recon-

struction of the Au(111) surface [1]. PTCDI molecules were
sublimed onto the clean surface using a Knudsen-cell evaporator
at a temperature of �360 �C positioned approximately 20 cm from
the sample surface. This gave a deposition rate of �0.1 ML min�1 at
the surface. Photoemission spectra were measured using a hemi-
spherical analyser. The presented C 1s spectra were excited using
a photon energy of 340 eV and the binding energy scale calibrated
to the Fermi level of the underlying gold substrate. The total instru-
ment resolution measured from the width of the Fermi edge was
<145 meV. Values for the surface coverage were obtained from a
statistical assessment of the STM images, based on the aerial cov-
erages observed.
3. Results and discussion

The C 1s core-level photoelectron spectra for increasing cover-
age of PTCDI adsorbed on the Au(111) surface are shown in
Fig. 2. The spectra have been fitted using a combination of sym-
metric Voigt lineshapes (see Table 1) following subtraction of a
polynomial background. The main peak at around 284 eV binding
energy is asymmetric and arises from the carbon atoms in the per-
ylene core. Here, we have fitted this peak with two components,
the lower binding energy component corresponding to the eight
C1 carbon atoms shown in Fig. 1 bonded to two other carbons
and a hydrogen atom, and the higher binding energy component
corresponding to the 12 C2 carbon atoms bonded to three
other carbons in the perylene core. These are chemically shifted
from one another by 0.6 eV, which is comparable to the shifts re-
ported for the anhydride analogue PTCDA adsorbed on the
Ag=Sið111Þð
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Þ [8] and Ag(111) surfaces [25]. For the mul-

tilayer coverage there is a peak (and associated shake-up) corre-
sponding to the four carbon atoms contained within the two
imide end groups of the molecule. This peak, I2 is located at a bind-
ing energy 3.4–3.6 eV above C1, depending on the coverage. At the
lowest surface coverage (0.3 ML) I2 is barely visible and is instead
replaced by the component I1, much closer in energy to the pery-
lene core at a binding energy of 1.8 eV above C1. At intermediate
coverages the intensity of the high binding energy imide peak in-
creases smoothly and there is a gradual suppression of the lower
binding energy component. For clarity, we have not shown spectra
for 0.7 ML and 1.3 ML, which simply continue the trend observed
in the presented spectra. The C 1s data therefore suggests that at
low coverages the interaction of the PTCDI molecule with the
Au(111) surface is dominated by a strong interaction with the
imide end groups. The peak I1 is thus assigned to an imide group
bonded to the surface, while peak I2 is assigned to a non-interact-
ing imide (note that here we refer only to the interaction with the
underlying surface, most imide groups will also take part in a
hydrogen-bond interaction with their nearest neighbor). For the
multilayer the spectrum in Fig. 2 exhibits a weak shake-up feature
at around 288 eV, which is suppressed at lower coverages due to
the interaction with the gold surface [14] and was observed only
at 1.3 ML and above. It is worth noting that while it would not
be feasible to include it in the fit, a corresponding shake-up associ-
ated with C2 could also be present for the multilayer, and thus the
intensity of the I1 peak at higher coverages may be an overestimate
[8].

The large chemical shift observed for the imide carbons inter-
acting with the gold surface suggests the formation of a chemical
bond, and therefore that PTCDI is, to some extent at least, chemi-
sorbed to the Au(111) surface. A similar shift to lower binding en-
ergy has previously been observed for the carboxylic groups of the
anhydride analogue PTCDA on Ag(111) [25]. In the case of PTCDA,
this shift was observed only for the Ag(111) and not the Au(111)



Table 1
Parameters for the C1s spectra (all binding energy and full width at half maximum (FWHM) values in eV).

0.3 ML 0.5 ML 1.0 ML Multilayer

Position of ring periphery carbons 283.3 283.5 283.6 283.9
Relative position of aromatic carbons 0.6 0.6 0.6 0.6
Relative position of interacting imide carbon 1.8 1.8 1.8 1.8
Relative position of non-interacting imide carbon 3.6 3.6 3.5 3.4
FWHM of ring periphery carbons 0.9 0.9 0.9 0.9
FWHM of aromatic carbons 1.0 1.0 1.0 1.0
FWHM of interacting imide carbon 1.1 1.1 1.1 1.1
FWHM of non-interacting imide carbon 0.9 0.9 0.9 0.9
Normalized area of ring periphery carbons 0.35 0.35 0.34 0.34
Normalized area of aromatic carbons 0.53 0.50 0.52 0.51
Normalized area of interacting imide carbon 0.10 0.10 0.08 0.04
Normalized area of non-interacting imide carbon 0.02 0.05 0.06 0.12a

a Non-interacting imide area for multilayer coverage contains the shake-up to higher binding energy.
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surface, the conclusion being that the molecule is chemisorbed to
the former and physisorbed to the latter. The chemical nature of
the imide group of PTCDI however, appears to allow it to chemi-
sorb to the Au(111) surface in stark contrast to its anhydride coun-
terpart. That PTCDI molecules have sufficient mobility on the
surface at elevated temperatures to form self-assembled networks
suggests that the diffusion barrier is not insurmountable despite
the formation of a chemisorption bond.

The fact that the imide carbon peak in the C 1s is very different
in the sub-monolayer regime compared to that of the multilayer,
while the ring peaks are essentially unchanged, strongly indicates
that it is these carbons that are primarily used in chemisorption to
the surface. However, as can be seen from Fig. 2 the transition is a
smooth one, in that an abrupt shift at 1 ML is not observed. Instead,
the appearance of non-interacting imide carbons occurs before a
nominally full monolayer coverage. This suggests either that sec-
ond layer growth occurs before the completion of the first mono-
layer, or that the imide interaction only occurs for specific
adsorption sites, which are more readily accessible at lower cover-
age. In order to address this question STM measurements were car-
ried out on the same samples, by incorporating a scanning
tunnelling microscope into the beamline end-station.

Fig. 3 shows STM images representative of those used to calcu-
late the surface coverage of the PTCDI islands adsorbed upon the
Au(111) substrate. The current data for the images is shown here
to demonstrate the difference between the clean substrate and the
molecular domains, with the images on the left being coloured/
shaded to highlight the regions of PTCDI. From these current
images it would appear that the onset of second layer growth does
not occur until after the completion of a full monolayer. However, a
full analysis of the STM data set indicates that a small fraction of
molecules (less than 0.05 of a monolayer) are present in 2nd and
3rd monolayer growth at 0.7 ML coverage. Fig. 4b shows an STM
image with molecular resolution of multilayer growth taken at a
coverage of 0.7 ML; contrasting with the monolayer close-packed
structure observed at 0.5 ML in Fig. 4a). Clearly, the changes in
the ratio of interacting and non-interacting imide peaks in the C
1s photoemission of Fig. 2 cannot be due to the relative abun-
dances of first and second layer molecules. The origin of the chem-
ical shift must instead lie with a specific adsorption site.

We can directly compare the C 1s spectra for 0.3 ML and 1.0 ML
since we know from the STM images that the amount of second
layer growth and therefore any attenuation of the underlying mol-
ecules is very low. At 0.3 ML coverage interacting imides make up
around 83% of the molecules present, while at 1.0 ML this amounts
to only 57%. So while the rate of increase in the amount of interact-
ing imide is slower than for the non-interacting signal, it neverthe-
less continues to increase until monolayer coverage is exceeded, at
which point the interacting imide peak becomes suppressed by
subsequently adsorbed layers. Two things become clear. Firstly,
that the low binding energy peak associated with the interacting
imide is derived from those molecules involved in a direct interac-
tion with the gold surface, and second, that the assignment of the
high binding energy peak to a non-interacting imide is confirmed
by its presence in the multilayer. It is also important to note that
there is not a gradual binding energy shift from one state to the
other, both peaks represent distinct bonding states at relatively
fixed binding energies. This rules out a gradually decreasing inter-
action strength with increasing coverage. At very low coverage it is
reasonable to expect a substantial fraction of molecules to adsorb
preferentially at step edges and defects. However, at coverages
higher than 0.3 ML and certainly at 1.0 ML it is not reasonable to
expect that more than half of the molecules present can be ad-
sorbed at such sites.

We are left with the unambiguous conclusion that at surface
coverages well below a monolayer the vast majority of PTCDI mol-
ecules adsorb in a configuration that provides a very strong inter-
action between the imide groups and the gold surface, most likely
due to a charge transfer interaction. At coverages approaching a
full monolayer, this is possible only for around half of the imide
groups and we thus observe a comparable signal from both inter-
acting and non-interacting imide groups in the C 1s photoemission.
Unfortunately, while the STM images obtained in this study are
sufficient for determining the surface coverage and morphology
of PTCDI islands they are unable to provide information about
the specific adsorption sites on the Au(111) surface or the com-
mensurability of the monolayer with the surface lattice. Our STM
data also does not reveal whether the ordering in the second layer
is exactly the same as that in the first. It is possible that the her-
ringbone reconstruction of the surface plays a significant role in
this respect, or even that the reconstruction is lifted by the adsorp-
tion of PTCDI molecules, which will be the topic of future investi-
gations. The most likely scenario is that at very low coverage
molecules many of the molecules can adopt an adsorption geome-
try in which both imide groups are chemically bound to the sur-
face. As the coverage increases, steric hindrances allow only a
bonding geometry in which one imide group is bound in this way.
4. Conclusions

Combining synchrotron-based photoemission with in situ scan-
ning tunnelling microscopy the C 1s core-level spectra can be used
to understand the bonding of PTCDI to a Au(111) surface as a func-
tion of coverage. The spectra suggest a strong interaction between
the imide end groups of the molecule and the surface, which is re-
flected in a large chemical shift to lower binding energy of the
imide carbon atoms, while the perylene core remains relatively
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unperturbed. The presence of both interacting and non-interacting
imide groups and the increasing prevalence of the latter as the cov-
Fig. 3. STM images showing domains of PTCDI adsorbed on Au(111) for (a) 0.3 ML, (b)
with the coloured/shaded images on the left highlighting the regions of PTCDI. Images we
�1.80 V, and (c) +1.50 V. Scale bars are shown on the images.
erage increases is shown by STM not to be due to second layer
growth. In contrast to the anhydride analogue PTCDA, which is
0.7 ML, (c) 1.0 ML, and (d) 1.3 ML coverages. Data presented is of the current signal
re acquired using a tunnel current of 50 pA and a sample bias of (a) +1.80 V, (b and d)



Fig. 4. STM images with molecular resolution of the adsorbed PTCDI islands.
Images show (a) the close-packed arrangement for PTCDI which has been observed
previously (image taken from 0.5 ML coverage), and (b) the start of 2nd and 3rd
layer island growth occurring at 0.7 ML coverage. Images were acquired using a
tunnel current of 50 pA and a sample bias of �1.80 V. Scale bars are shown on the
images.
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physisorbed to Au(111) and chemisorbed to Ag(111), the data
suggests that PTCDI is capable of forming a very strong chemical
or charge transfer interaction with the Au(111) in very specific
adsorption sites. The ability to adopt this adsorption geometry
clearly decreases as the coverage approaches a monolayer where
the interaction is found for approximately half of the imide groups
(this of course could imply one imide from each molecule or both
imide groups from half of the molecules, the former being the most
likely). This difference must be attributed to the different chemical
nature of the imide and anhydride functional groups. The observa-
tion of a strong imide interaction with the surface might shed light
on the reason why many PTCDI-derived supramolecular networks
have a periodicity commensurate with the Au(111) surface.
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