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Solubilized Derivatives of Perylenetetracarboxylic Dianhydride (PTCDA)
Adsorbed on Highly Oriented Pyrolytic Graphite
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The effect on 2D molecular crystallization caused by the addition of propylthioether side groups to the 3,4,9,10-
perylenetetracarboxylic dianhydride (PTCDA) molecule is investigated using scanning tunneling microscopy (STM).
The molecule was deposited from 1-phenyloctane onto highly oriented pyrolytic graphite (HOPG) and imaged at the
liquid-solid interface. We observe a different structure to previously reported arrangements of PTCDA due to the
presence of the propylthioether side groups which inhibits the formation of the herringbone phase. A model, supported
by calculations based on density functional theory, is proposed in which molecules form rows stabilized by hydrogen
bonding.

Introduction

The molecule perylenetetracarboxylic dianhydride, PTCDA,
has been widely studied as a prototype active material for organic
electronic devices.1,2 PTCDA may be readily deposited by vac-
uumdeposition, and the properties of the resulting thin films have
been investigated on a variety of different substrates including
HOPG,3,4 Ag(111),5 Au(111),6 Ag/Si(111)-(

√
3 � √

3),7-9

Sn/Si(111)-(2
√
3 � √

3),10 and Cu(111).11 In recent studies the
interest in sublimed monolayers of PTCDA has been extended
through the demonstration of the covalent coupling of adsorbed
PTCDA to a variety of amine compounds,12,13 leading to the
identification of two-dimensional disordered polymers. This
process is closely related to a reaction that occurs in solution
phase where the substitution of the anhydride group with an

alkane chain attached via an imide group leads to a family of
compounds which have been widely investigated.14-17

The addition of an imide-linked alkane chain promotes solu-
bility of the resulting molecule, but the anhydride group of the
PTCDA is eliminated through this coupling. In fact, and despite
the extensive literature describing the adsorption of PTCDA
under vacuum conditions, there have been very few studies of
solution deposition of PTCDA due to its limited solubility.18

Nevertheless, the controlled adsorption of arrays of molecules
onto surfaces from a solution phase has become increasingly
relevant to the fields of nanoscience and nanotechnology for the
purposes of fabricating small electronic devices and sensors.19,20

In this paper, we investigate a possible route to solubilizing
PTCDAwhich leaves intact the anhydride functionality and show
that such a modified derivative may be deposited on a substrate
from a solution phase. The solubility is promoted by the intro-
duction of a propyl chain attached to each side of the PTCDA
molecule via a thioether link. The di(propylthio)perylenetetra-
carboxylic dianhydride (DPT-PTCDA) molecule is shown in
Figure 1.

Experimental Section

The DPT-PTCDA molecules were synthesized using the same
procedure as summarized in previous work.21 The molecules
were dissolved in 1-phenyloctane (Sigma-Aldrich, 97% purity).
A 10 μL droplet of solution was removed using a pipet and
deposited onto a freshly cleaved HOPG surface. An Agilent 4500
series SPM was used to perform the imaging experiments in
conjunction with the PicoScan control box and software. The
STM was mounted in an isolation chamber with acoustic and
vibrational damping to reduce environmental effects. Fresh STM
tips were mechanically cut from 0.25 mm (80:20) PtIr wire before
each experiment. The quality of the mechanically cut tips was
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checked before solution deposition by imaging the freshly cleaved
HOPG substrate. Suitable high-quality tips were left in the
microscope to equilibrate overnight before solution deposition.
After deposition, the microscope was allowed to thermally stabi-
lize for at least 1 h before the tip was engaged with the sample.

1-Phenyloctane is a nonconductive solvent with minimal eva-
porationon the time scale of the STMexperiments (of the order of
1-2 h). This allowed the STM tip to be immersed in the solution
droplet so that scanning took place in situ at the liquid-solid
interface. All images were taken at ambient temperature and
pressure and acquired by operating the STM in constant current
mode with positive tip bias. In order to take account of the
orientation of the sample relative to the tip, the gradient plane
of images has been subtracted. Images could be acquired only
over a narrow range of bias voltages, 0.6-1.4 V, with the most
stable operating conditions at ∼1 V.

Results

Images of the DPT-PTCDA layer formed on the HOPG
surface are shown in Figure 2. As shown in Figure 2a, the
molecules form large, ordered domains with typical widths of
∼100 nm in size across greater than80%of the surface.Aperiodic
contrast variation can be observed across each of the DPT-
PTCDA domains. The periodicity of this feature was measured
from a number of scans taken in different directions and deter-
mined to be 3.0( 0.3 nm. The contrastmodulation is likely due to
a commensurability between the adsorbed layer and the under-
lying HOPG substrate, as noted in the studies of other mole-
cules.3,4 Figure 2b shows a smaller scan areaof one of the domains
where an ordered, repeating pattern can be observed. To better
understand the images of the DPT-PTCDA layer, we computed
the highest occupied molecular orbital (HOMO) of the DPT-
PTCDA molecule by performing a density functional theory
(DFT) calculation of the orbitals using the DMol3 algori-
thm.22,23 An image of the HOMO of DPT-PTCDA produced
by this calculation is shown in Figure 3a. The HOMO shown is
similar to that presented by Swarbrick et al.9 for PTCDAbutwith
the addition of two lobes of probability amplitude close to the
sulfur atoms in the thioether groups. We propose that the sulfur

atoms give rise to the small areas of higher conductance that
appear as bright spots in the STM images. We therefore use these
features as a guide for determining the orientation of the mole-
cules in the STM images, as shown in Figure 3b. Note that the
intramolecular contrast which is resolved is significantly different
to that observed for PTCDA,18 for which three bright contrast
features are resolved.

The displacement vectors between neighboring DPT-PTCDA
molecules are identified by vectors a and b in Figure 3b. Thermal
drift was accounted for in the measurement of these distances by
obtaining multiple split images, in which areas of both the
adsorbed layer and the HOPG substrate were acquired. This
was achieved by changing the tunnel voltage halfway through one
scan from that used to image the DPT-PTCDA layer to that
which reliably images the carbon atoms in the HOPG lattice (see
Supporting Information). Such images can be used to compensate
for thermal drift in any displacement measurements. The image

Figure 1. Schematic diagram showing the DPT-PTCDA mole-
cule.

Figure 2. (a) An STM image of a DPT-PTCDA monolayer on
HOPG demonstrating the size of the domains formed and the
periodic contrast modulation. Scale bar 20 nm. (b) A scan of the
DPT-PTCDA network showing molecular contrast. Scale bar
2 nm. Scanning parameters for both images: tunnel current, I =
30 pA, tip voltage, Vtip = 1 V.

Figure 3. (a) Diagram showing the HOMO of the DPT-PTCDA
molecule. (b) A diagram showing theHOMOof theDPT-PTCDA
molecule overlaid onto an STM image (I=60 pA,Vtip = 0.95 V)
to illustrate the orientation of individual molecules in the network.
The unit cell dimensions a and b are shown. Scale bar 1 nm. The
orientations of the graphite lattice vectors are shown as black
arrows.
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analysis was performed using the WSxM software.24 The values
for a and bwere averaged frommultiple images taken in different
scan directions of different areas of the monolayer and were
determined to be 1.1 ( 0.1 and 1.3 ( 0.1 nm, respectively, at
angles of -16 ( 1� and 58 ( 3� to one of the principal graphite
axes.

Amodel of the DPT-PTCDAnetwork is proposed as shown in
Figure 4a. Within this model the molecules are predominantly
stabilized by hydrogenbonding between the PTCDA-like cores of
adjacent DPT-PTCDAmolecules (as in Figure 4b) and hydrogen
bonding between the ends of the side chains and the oxygen atoms
(as inFigure 4c). It has beenwell documented that 1-phenyloctane
interacts only weakly with the HOPG substrate,18,25 making the
probability of the coadsorption of solventmolecules unlikely, and
they are therefore omitted from the model.

In order to gain a better understanding of the stability of the
proposed model, DFT calculations were performed using the
DMol3 package. Geometry optimizations were performed using
the gradient-corrected functional (GGA) proposed by Perdew
et al.26 (PBE), and the double numerical plus polarization (DNP)
basis set was used for the orbitals. Simulations did not include any
influence of the solvent or the substrate. All carbon, oxygen, and
sulfur atoms were constrained such that all molecules in the
simulation remained coplanar. This was intended to imitate the
constraining effect of the surface on an adsorbed layer and to
prevent the simulation from diverging due to the alkane side
chains coming out of a planar arrangement. Two geometry
optimizations were performed to test the stability of each of the
two principal intermolecular junctions, illustrated in Figure 4b,c.
These confirmed that both of these hydrogen-bonding configura-
tions are stable with binding energies determined to be -0.272
and -0.196 eV for parts b and c of Figure 4, respectively. The
calculated values for a and b of 1.17 and 1.39 nm, respectively, are
in excellent agreement with the experimental results. The calcu-
lated O...H separations for the arrangement in Figure 4b is
0.253 nm (between the outer O atom of the anhydride group
and the closest H atom bonded to the perylene core). For the

arrangement in Figure 4c the minimum O...H separation
(between the central O atom of the anhydride group and a
hydrogen atom on the alkane chain) is calculated to be 0.258
nm. We note also that our proposed arrangement is near close-
packed so that there will be stabilization due to van der Waals
interactions in addition to the values calculated using this density
functional approach.

Discussion and Conclusions

Our results show that a large-area coverage of ordered PTCDA
derivatives may be deposited from solution. The additional
groups that promote solubility also have the effect of suppressing
the interaction (between the anhydride group and the perylene
core of a nearest-neighbor molecule) which stabilizes the well-
known herringbone configuration (see refs 3-9 and 11). This
suppression can be understood as a simple steric effect and leads
to the proposed configuration in which the perylene cores of the
molecules within a given domain are all parallel. The formation of
an adsorbed layer of a PTCDAderivative has not been previously
reported, andwe conclude that this new structure is directly due to
the presence of the alkane chain. In addition to van der Waals
interactions, the molecular arrangement is stabilized by hydrogen
bonding between perylene cores (Figure 4b) and between the
additional alkane chain and the anhydride group. The identifica-
tion of the HOMO allows the S atom positions to be identified
and underpins our model of the packing of DPT-PTCDA and its
registry with the HOPG substrate.

PTCDA has a number of interesting properties though the
poor solubility of the molecule has limited solution-based studies.
The new derivative of PTCDAwhich we report has propyl chains
attached via thioether compounds to the sides of the PTCDA
molecule, which, importantly, leaves the functionality of the
anhydride group intact. This is particularly significant since it
has been shown, in vacuum studies, that the anhydride group of
PTCDA can act as a donor system in hydrogen-bonded bimole-
cular junctions.8 Hydrogen bonding has been widely studied as
a route to the introduction and control of molecular order in
two-dimensional molecular monolayers of sublimed perylene
derivatives.27-30More recently, this has been extended to solution
deposition,31 but so far not for a derivative inwhich the anhydride
group is present. We believe that the synthesis and properties of
DPT-PTCDA will promote analogue studies of hydrogen bond-
ing in a solution environment, including covalent coupling and,
potentially, applications for organic electronic devices.
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Figure 4. (a) Proposed model of DPT-PTCDA on HOPG. (b)
Junction along the vector a. (c) Junction along the vector b.
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