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ABSTRACT: Knowledge of molecular structures of emerging
charge acceptors, such as hexaaza-triphenylene-hexacarboni-
trile (HATCN), on metal surfaces is essential for their
optoelectronic device applications. Here, we studied the two-
dimensional molecular ordering of HATCN at submonolayer
coverages on Au(111) using scanning tunneling microscopy
(STM). Linear and hexagonal porous structures were observed
at atomic steps and terraces, respectively, and our density
functional theory calculations revealed that the structures were
stabilized with CN···CN dipolar interactions. The hexagonal
porous structures possess chirality, and they form only small
(<1000 nm2) phase-separated chiral domains that easily
change their structures in subsequent STM images at 80 K, which explains the no electron diffraction pattern reported previously.

■ INTRODUCTION

Thin organic layers on metal substrates have attracted
considerable interest due to their possible applications in
organic (opto-)electronic devices, such as organic light-emitting
diodes (OLEDs), photovoltaic cells (OPVCs), and field effect
transistors (OFETs).1−4 Molecules in organic layers donate and
accept electrons to and from metal subtrates, respectively,
changing the work functions of the substrates. Especially, these
mechanisms allow continuous tuning of electron and hole
numbers that recombine (are saperated) to emit (by adsorption
of) photons in OLEDs (OPVCs), thereby affecting their
quantum efficiency. The quantum efficiency can be optimized
by experimenting with various molecules, coverages, and
interface structures, which strongly promoted the efforts to
understand the geometric and electronic properties of
molecular layers on metal substrates.5−7

The hexaaza-triphenylene-hexacarbonitrile (HATCN) mole-
cule is a promising molecular acceptor due to its extremely high
ionization energy (9.2 eV) and thermal stability with large
molecular weight (384.29 amu), compared with a widely
studied acceptor, tetrafluoro-tetracyanoquinodimethane (F4-
TCNQ).8−11 The growth and electronic behaviors of HATCN
molecules have been recently studied on coinage metal surfaces,
including Au(111) using various techniques, atomic force
microscopy (AFM), thermal desorption spectroscopy (TDS),
low-energy electron diffraction (LEED), X-ray diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS).12,13 It
was argued that HATCN molecules adsorbed flat lying on the
Au(111) surface without considerable lateral interactions

between the molecules up to 0.5 monolayer (ML) and that,
with increasing coverage (between 0.5 and 1 ML), repulsive
dipole interactions arose between them.12 It was also reported
that no LEED pattern could be obtained for the first layer, even
at liquid nitrogen temperature, due to the high mobility of the
molecules on the Au(111) surface.13 However, there has been
no report available in the literature that visualizes these growth
models at the single molecule level on the Au(111) surface.8

In this paper, we report on the intermolecular structures of
HATCN molecules on Au(111), studied using a scanning
tunneling microscope (STM). In contrast to previous models,
locally ordered molecular structures were observed both below
0.5 ML and between 0.5 and 1 ML. Molecular models for the
observed structures were proposed and reproduced with
density functional theory (DFT) calculations. We argued that
two HATCN molecules in the ordered structures were under
attractive, instead of repulsive, dipolar CN···CN interactions.

■ EXPERIMENTAL SECTION

STM experiments were performed using a home-built STM
housed in an ultra-high-vacuum (UHV) chamber with a base
pressure < 7 × 10−11 Torr. The Au(111) surface was prepared
from a thin film (200 nm thick) of Au on mica that was cleaned
by several cycles of Ne-ion sputtering and annealing at 800 K.
The surface cleanliness of the Au(111) was checked by

Received: July 19, 2013
Revised: September 15, 2013
Published: September 20, 2013

Article

pubs.acs.org/JPCC

© 2013 American Chemical Society 21371 dx.doi.org/10.1021/jp407173w | J. Phys. Chem. C 2013, 117, 21371−21375

pubs.acs.org/JPCC


observing typical herringbone structures on the terraces in the
STM images. Commercially available HATCN was thermally
evaporated on the Au(111) surface at submonolayer coverage
from an alumina-coated crucible, keeping the substrate
temperature at 150 K. The HATCN material was outgassed
for several hours prior to deposition, and the molecular flux was
about 0.1/nm2·min. The prepared sample was transferred to
the STM and cooled down to 80 K. A Pt−Rh alloy tip was used
as the STM probe.

■ THEORETICAL CALCULATIONS

To verify the two-dimensional molecular ordering of HATCN,
we performed first-principles density-functional calculations
using the VASP code.14,15 Interaction between ions and
electrons was approximated by the projector-augmented wave
potential.16 A generalized gradient approximation (GGA) with
the Perdew−Burke−Ernzerhof (PBE) functional was used to
describe the exchange correlations between electrons.17 For the
plane-wave expansion and the surface-Brillouin-zone integra-
tion, we used the cutoff energy of 400 eV and only the Γ point,
respectively, which turned out to be sufficient to get converged
results. To describe nonbonding interactions between the
molecules, particularly of the van der Waals type, an empirical
correction scheme proposed by Grimme was adopted.18 The
height of the simulation box perpendicular to the molecule
plane was fixed at 20 Å to avoid an artificial interaction from
neighboring slabs. The dipole-correction scheme was also
applied to compensate the imaginary dipoles of neighboring
slabs. The energy for an isolated molecule, as a reference, was
obtained using a 25 × 25 × 20 Å3 supercell.

■ RESULTS AND DISCUSSION

HATCN is a planar molecule with four conjugate rings
terminated with six CN ligands, as shown in Figure 1a. The
electrostatic potential distribution shown in Figure 1a was
calculated using DFT methods based on the generalized
gradient approximation (GGA) and mapped on the isosurfaces
of 0.003 e/Bohr3. C and N atoms showed positive and negative
electrostatic potential, reflecting their electronegativities, 2.55
and 3.04, respectively. HATCN molecules had a large enough
surface diffusivity to form cluster structures when they were
deposited at 150 K on Au(111). After deposition, the sample
was cooled to 80 K to perform the STM measurement, and a
typical STM image obtained from HATCN on Au(111) at 0.2
ML is shown in Figure 1b. A single molecule was identified as a
triangular shape in STM images. At atomic step edges, the
molecules formed two chain structures, running parallel to each
other, at upper and lower parts of steps in Figure 1c. Diffusion
barriers at step edges provide stable adsorption sites at both
parts of steps. At terraces, molecular clusters form preferably at
the face-centered cubic (fcc) regions of Au(111) herringbone
reconstructions. It has been reported that fcc regions provide
active adsorption sites for atoms and molecules on Au(111)
owing to their low surface atom density, in comparison with
hexagonal close-packed (hcp) regions and dislocation
ridges.19−22 In the molecular clusters, hexagonal porous (HP)
structures are visible as well as loosely packed structures in
Figure 1b,d.
As molecular coverage increased, the HP structures became

dominant structures on the surface. Panels (a) and (b) in
Figure 2 show typical STM images obtained after the
deposition of 0.7 ML HATCN on Au(111). A molecular

model was superimposed to the STM images in Figure 2b. To
identify intermolecular interactions in the HP structures, the
configuration of two neighboring molecules are drawn in Figure
2c, with the simplified version of electrostatic potential
distributions at C and N based on the single molecule potential
distributions of Figure 1a. Two neighboring HATCN molecules
have two possible intermolecular bonds in the HP structures, as
denoted with dotted lines in Figure 2c. It can be deduced that
the two intermolecular bonds between two CN ligands
originate from dipolar interactions. The configuration of two
neighboring molecules in HP is applicable to understand the
linear structures observed at step edges. Two neighboring
HATCN molecules in the linear structures form similar
configurations to those in HP, implying that the linear
structures are also made of dipolar interactions.
DFT calculations were performed to understand the precise

arrangement of HATCN molecules in HP structures. A
hexagonal unit cell containing two HATCN molecules as the
basis was used to describe the periodic structures, as depicted in
Figure 3a. We considered the lattice constant L and the relative
angle θ of a molecular axis with respect to a lattice vector, as
two independent parameters. We approximated that the two
molecules in a unit cell shared the parameter θ for their angular
configurations. The calculation results are displayed with the
formation energy in color code as functions of L and θ as
shown in Figure 3b. Three stable molecular configurations are
visible. Our experimental observations, L = 1.9 nm and θ = 15°,

Figure 1. (a) A molecular model and a calculated molecular
electrostatic potential distribution (in volts) of hexaaza-triphenylene-
hexacarbonitrile (HATCN) molecules at isodensity surfaces, shown in
red (positive) and blue (negative). (b) A typical scanning tunneling
microscopy (STM) topography image obtained at 80 K after 0.2
monolayer (ML) of HATCN molecules was deposited on Au(111) at
150 K. Yellow and green arrows indicate hexagonal close-packed (hcp)
and face-centered cubic (fcc) regions of herringbone reconstructions
of bare Au(111), respectively. Red and blue arrows indicate hexagonal
porous and linear strucutres, respectively. Higher-resolution STM
images obtained in similar regions showing (c) linear structures and
(d) hexagonal porous (HP) structures made of HATCN. Sizes of
STM images: (b) 90 × 90 nm2, (c) 15 × 15 nm2, (d) 8 × 8 nm2.
Sample voltages: (b, c) VS = 1 V, (d) VS = 0.8 V. Tunneling current IT
= 0.1 nA for all images.
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show reasonable agreements with the second stable config-
uration, L = 1.95 nm and θ = 18.0°. In fact, similar HP

structures were observed on Ag(111) with a 7 × 7
superstructure8 with L = 2.02 nm, which matched well with
the most stable configuration, L = 2.02 nm and θ = 24.2°. Since
the calculation results L = 1.95 nm and θ = 18.0° well-
reproduce the model in Figure 2, the length of possible
intermolecular bonds considered in Figure 2b,c is extracted
from the calculation results. The CN···CN distance was 0.366
nm, which is a little bit larger than the sum of van der Waals
radii for C (0.170 nm) and N (0.155 nm), but still close to it,
implying that the dipolar CN···CN interaction would be the
mechanism that stabilized HP structures. From our DFT
calculations, we obtained the energy gain of 200 meV per
molecule. Because one molecule forms three CN···CN
intermolecular bonds in HP structures, each bond carries
roughly a 70 meV energy gain.
Even though HATCN molecules do not possess chirality, the

HP structures do have chirality. Panels (a) and (b) in Figure 4

show two different domains of HP structures, at the upper and
lower parts of the image. The upper part shows clockwise HP
structures (λ-domains), whereas the lower part shows
anticlockwise HP structures (δ-domains), as depicted in Figure
4b. They are separated by a fuzzy domain boundary, at which
HATCN molecules seem to be mobile. We observed that not
only domain boundaries but also molecular domains were
fluctuating at some regions even at 80 K. Figure 5 shows STM
images obtained subsequently at the same location with a 0, 3,

Figure 2. (a) A typical STM topography image obtained at 80 K after
0.7 ML of HATCN molecules was deposited at 150 K. (b) High-
resolution STM images from (a) with molecular models partly
superimposed over the image. (c) Schematic illustrations for two
nearest-neighbor HATCN molecules with simplified electrostatic
potential distributions. Positive and negative potential distributions
are represented with red and blue colors, respectively. Dotted lines
indicate possible intermolecular bonds C···N. Sizes of STM images:
(a) 23.5 × 23.5 nm2, (b) 16 × 16 nm2. Sample voltages: (a) VS = 1 V,
(b) VS = 1.5 V. Tunneling current IT = 0.1 nA for all images.

Figure 3. (a) The relaxed HP structures of HATCN obtained from
density functional theory calculations. Hexagonal unit cells with three
possible intermolecular interactions per molecule are drawn with
dotted lines. (b) The cohesive energy per molecule as a function of a
lattice parameter L and an angle θ depicted in (a), respectively. Three
stable molecular configurations are visible.

Figure 4. (a) A typical STM topography image obtained at 80 K after
0.7 ML of HATCN molecules was deposited at 150 K. (b) High-
resolution STM images from (a). Domain boundary is denoted with a
dotted line. Three molecules are overlaid with triangles at upper and
lower domains to signify their chiral structures. Sizes of STM images:
(a) 55.5 × 55.5 nm2, (b) 12.5 × 12.5 nm2. Sample voltages: (a) VS = 1
V, (b) VS = 1.5 V. Tunneling current IT = 0.1 nA for all images.

Figure 5. (a−c) STM topography images subsequently obtained from
the same region with the time delay of 0, 3, and 5 min at 80 K. The
small domains that change in the following images are denoted with
yellow marks. Size of STM images: 58 × 58 nm2, for (a)−(c). Sample
voltages: (a) VS = 1 V, (b) VS = 1.5 V. Tunneling current IT = 0.1 nA
for all images.
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and 5 min delay. Some small domains in Figure 5 appear and
disappear as time goes on. This domain fluctuation can be
caused by the interactions between the STM tip and molecules.
Poor lateral resolution at the regions between molecular
domains can be an indicator for tip instability due to the
interactions. Another way to understand this behavior is to find
a connection with the previous LEED results; no LEED pattern
and a 7 × 7 LEED pattern were observed on Au(111) and
Ag(111), respectively.13 Even if both have 0.288 nm lattice
constants, atomic structures of bare Au(111) and Ag(111)
surfaces are different. The well-known 22 × √3 herringbone
reconstructions form only on Au(111). In the case of Ag(111),
the 0.288 nm lattice constant and the 2.02 nm HP structure
lattice are commensurate, which explains why a 7 × 7 LEED
pattern could be observed in this system. In the case of
Au(111), however, the reduced and varying lattice constant due
to herringbone reconstructions may not allow a commensura-
tion condition with either 2.02 or 1.95 nm obtained in our
calculations. Because of such ill-matched relations between HP
structures and herringbone reconstructions, HP domains
remained small, not exceeding 1000 nm2, and embedded in
disordered structures. Some molecules are even mobile in the
disordered structures and form new HP domains, as shown in
Figure 5. Although it is hard to rule out the possibility that the
domain fluctuation is influenced by the STM tip, the small
domains under dynamic fluctuations can explain the no LEED
pattern reported previously.13 Our DFT calculations did not
include underlying Au(111). Obviously, HATCN molecules
interact with Au(111) to some extent, as revealed by the
adsorption selectivity for fcc regions in 0.2 ML results.
Significant charge transfer from Au(111) to HATCN molecules
will appear in DFT calculations including the Au(111)
substrate.

■ CONCLUSIONS
We studied the molecular structures of HATCN at
submonolayer coverages on Au(111) using STM. Linear and
hexagonal porous structures were observed at atomic steps and
terraces of Au(111), respectively. Molecular models for the
observed structures were proposed and reproduced DFT
calculations. The HP structures are stabilized with three
CN···CN dipolar interactions per molecule. The HP structures
possess chirality, forming phase-separated chiral domains that
easily change their structures in subsequent STM images at 80
K.
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