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1. Introduction

Covalently bonded halogen atoms (X) have unusual charge dis-
tributions, possessing both positive and negative potential re-
gions.[1–5] The negative region acts as electron donor to form
X···H hydrogen bonds. The positive region, termed s hole, acts
as electron acceptor to form X···O halogen bonds. Between
two halogen ligands, X···X halogen bonds also form. Halogen
bonds compete with hydrogen bonds in making supramolec-
ular structures of functional biomolecules.[6–13] Halogen bonds
and hydrogen bonds are similar in bond strengths and dissimi-
lar in directionality. Halogen bonds have been found in various
drug candidates, for which halogen ligands are widely used to
enhance membrane permeability.[14–16] Recent studies showed
that halogen bonds can be used to form supramolecular net-
works with possible applications in nanotechnology, and de-
tailed structures of molecular networks have been character-
ized using scanning tunneling microscopy (STM) on metal sur-
faces.[17–22] For example, it has been reported that well-ordered
two-dimensional (2D) networks of 1,5-dibromoanthraquinones

(DBAQ) molecules are formed due to the contribution of inter-
molecular Br···Br, Br···H, and O···H bonds on Au(111).[18] STM
studies on halogen-related bonds have been performed only
for Br-and I-halogen ligands, but not for Cl ligands.

The strength of the s hole is dependent on the overall size
of the valence electron orbitals of the halogen atom.[2–4] The
larger the effective radius of the valence electrons is, the stron-
ger is the s-hole strength. Therefore, the s-hole of a Cl ligand
is weaker than that of a Br ligand. However, recent reports
have shown that Cl···Cl halogen bonds are formed in molecules
such as hexachlorobenzene, 2-chloro-3-chloromethyl-8-methyl-
quinoline, and 3,4,5-trichloropyridine.[23–25] On the basis of X-
ray crystallography analyses, these reports demonstrated that
Cl ligands are reasonable donors and acceptors for halogen
bonds in the bulk crystals of these molecules

Our goal was to inspect if similar halogen bonds form on
surfaces using STM. In this paper, we report on the intermolec-
ular interactions of 1,5-dichloroanthraquinones (DCAQ) mole-
cules on Au(111), in comparison with DBAQ. DCAQ forms two
different molecular structures by means of Cl···H and O···H hy-
drogen bonds. The contribution of Cl···Cl halogen bonds is
modest in this system.

2. Results and Discussion

An atomic model of the DCAQ molecule is shown in Figure 1 a.
The electrostatic potential was calculated using DFT methods
based on the generalized gradient approximation (GGA) and
mapped on isosurfaces of 0.003 e Bohr�3. H and O atoms show
positive and negative electrostatic potentials, reflecting their
difference in electronegativity (2.55 and 3.04). The s hole of
the Cl atoms is depicted as white region embedded in a black
region of cylindrical symmetry around the axis of the covalent

The role of halogen bonds in self-assembled networks for sys-
tems with Br and I ligands has recently been studied with
scanning tunneling microscopy (STM), which provides physical
insight at the atomic scale. Here, we study the supramolecular
interactions of 1,5-dichloroanthraquinone molecules on
Au(111), including Cl ligands, by using STM. Two different mo-
lecular structures of chevron and square networks are ob-
served, and their molecular models are proposed. Both molec-

ular structures are stabilized by intermolecular Cl···H and O···H
hydrogen bonds with marginal contributions from Cl-related
halogen bonds, as revealed by density functional theory calcu-
lations. Our study shows that, in contrast to Br- and I-related
halogen bonds, Cl-related halogen bonds weakly contribute to
the molecular structure due to a modest positive potential (s
hole) of the Cl ligands.
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bond. Note that the size of the s hole of a Cl atom is small
compared with that of a Br atom (see the Supporting Informa-
tion). The DCAQ molecules deposited on Au(111) form molecu-
lar islands at 150 K. Figure 1 b shows a typical STM image ob-
tained after about 0.8 monolayers of DCAQ were deposited on
the substrate. We observed a one monolayer-high molecular
layer that preserved the herringbone corrugations of Au(111)
at 80 K. The molecular layer was made of two different net-
work structures, square and chevron, as shown in Figure 1 b, c.

Small-scale images of the two structures are shown in
Figure 2. Individual molecules can be identified by their z-
shape. The STM images in Figure 2 c, d are superimposed by
the molecular models. To identify the intermolecular interac-
tions in the two structures, the structures of two and three
neighboring molecules are drawn in Figure 3 a, b, along with
simplified versions of the electrostatic potential distributions
around Cl, O, and H, based on the single molecule potential
shown in Figure 1 a. In the square structure, two neighboring
DCAQ molecules can have four possible intermolecular bonds.
The dashed and dotted lines denote two O···H bonds, while
the dash-dotted and dash-double-dotted lines show a Cl···H

and a Cl···Cl bond. In the chevron structure, three neighboring
DCAQ molecules have eight possible intermolecular bonds
that are classified into four different kinds of bonds, an O···H
bond (dotted lines) and three Cl···H bonds (dashed lines, dash-
dotted lines, and dash-double-dotted lines).

DFT calculations were performed to understand the precise
arrangement of the DCAQ molecules in the square and chev-
ron structures. The results, shown in Figure 4 a, b, clearly repro-
duce our models in Figure 2. In the square structure, the long
axes of two neighboring DCAQ molecules are at an angle of
908, and the equilibrium lattice distances (the magnitude of
the unit-cell vectors) are 1.34 nm, which is consistent with ex-
perimental observations (898 and 1.3 nm). In the chevron struc-
ture, the long axes of two neighboring DCAQ molecules across
two parallel rows of molecules are at an angle of 58.58. The

Figure 1. a) Molecular structures and calculated molecular electrostatic po-
tential distributions (in Volt) of DCAQ molecules at isodensity surfaces,
shown in white (positive) and black (negative).14 carbon atoms form three
hexagons which are terminated with 6 H, 2 O, and 2 Cl atoms. b) and c) Typi-
cal STM images, measured at 80 K, of the 2D supramolecular structures of
DCAQ molecules as-deposited at about 150 K. The square (b) and chevron
(c) structure are visible. Size of both STM images: 30 � 30 nm2.Tunneling cur-
rent: IT = 0.1 nA. Sample voltage: VS =�1.8 V.

Figure 2. Higher resolution (compared to Figure 1) STM images of the
a) square and the b) chevron structure. Magnified STM regions of (a) and (b)
of the c) square and the d) chevron structures superimposed by the molecu-
lar models. Individual molecules can be identified by their z-shapes in grey.
Sizes of the STM images: (a) and (b) 7.5 � 7.5 nm2, (c) and (d) 4 � 4 nm2. Tun-
neling current : IT = 0.1 nA. Sample voltage: VS =�1.8 V.

Figure 3. Illustrations of the possible interactions between a) two nearest
neighbor and b) three nearest neighbor DCAQ molecules with simplified
electrostatic potential distributions around their H, O, and Cl atoms.
a) Dashed lines and dotted lines: O···H bonds; dash-dotted lines and dash-
double-dotted lines: Cl···H and Cl···Cl bonds b) Dotted lines: O···H bonds; all
other lines: Cl···H bonds.
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equilibrium lattice distances along two orthogonal directions
were 1.54 and 1.13 nm. They show reasonable agreement with
experimental observations (588, 1.5 and 1.1 nm). Since the cal-
culations reproduce the model in Figure 2 well, they are used
to extract the lengths of the possible intermolecular bonds
considered in Figure 1. The results are summarized in Figure 5
(and listed in Table S1). The sum of the van der Waals radii for
each bond are also drawn with dotted lines. In the square
structure, the distances of the O···H (dotted lines) and the Cl···H
(dash-dotted lines) bonds are smaller than the sum of the van
der Waals radii. In the chevron structure, the distances of the
O···H (dotted lines) and the two Cl···H (dashed lines and dash-
double-dotted lines) bonds are smaller than or equal to the

Figure 4. Relaxed a) square and b) chevron structures of DCAQ obtained from DFT calculations. The square and a rectangle show unit cells in (a) and (b) with
unit vectors. 16 possible intermolecular interactions are drawn with dotted lines for a molecule in the unit cells in (a) and (b). Energy gains per molecule as
a function of lattice parameters for the c) square and the d) chevron structure. Circles, triangles and squares are results of the calculations, curves represent
fittings. For the chevron structure, only two graphs are selected for display. For the sake of simplicity the angle and the ratio between a and b were fixed,
during the calculations, however, we considered them as independent variables.

Figure 5. Measured distances for possible intermolecular bonds are repre-
sented with filled square marks in the a) square and the b) chevron struc-
tures, and their sums of the van der Waals radii are drawn with dotted lines
as reference.

� 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPhysChem 2013, 14, 1177 – 1181 1179

CHEMPHYSCHEM
ARTICLES www.chemphyschem.org

www.chemphyschem.org


sum of the van der Waals radii. Therefore, both structures are
strongly dependent on the O···H and the Cl···H bonds. The
O···H bonds are short (0.23 nm) compared with the sum of the
van der Waals radii (0.27 nm). Because the O···H bonds are so
strong, the role of the halogen bond tends to be marginal ; the
chevron structure does not have any Cl···Cl bond, and the
square structure has only a very weak Cl···Cl interaction whose
distance is 0.38 nm, which larger than the sum of the van der
Waals radii (0.35 nm).The distance of the Cl···H bond, denoted
with dash-double-dotted lines in the chevron structure, is
shorter than the sum of the van der Waals radii, even though
the H atom faces both the positive and the negative potential
regions of the Cl atom. This Cl···H bond seems to be stabilized
by the help of the other two Cl···H bonds, denoted with
dashed lines and dash-dotted lines in Figure 4 b.

The binding energies obtained from the DFT calculations
using GGA with van der Waals interactions were 455 and
469 meV per molecule for the square and the chevron struc-
ture, as shown in Figure 1 c, d. In order to correctly compare
binding energies, calculations including the substrate lattices
should be made. We only performed gas-phase calculations to
avoid shear calculation costs. We observed that the square and
the chevron networks coexist in samples prepared at 150 K,
and the chevron network occupies about 70 % of the network
area. When these samples were warmed up to 300 K and sub-
sequently cooled down, only the chevron structure could be
observed.[19, 31] The square structure underwent a phase trans-
formation during the heating and cooling processes, implying
that the chevron structure is more stable than the sqaure
structure. Thus, the two polymorphs at low temperature origi-
nate from kinetic limitation in molecular diffusion at 150 K. At
elevated temperatures of 300 K, the molecules have a high
enough kinetic energy to construct a stable chevron structure
at the expense of the square structure.

3. Conclusions

Intermolecular interactions were studied in the self-assembled
layers of DCAQ on Au(111) using scanning tunneling microsco-
py. Two kinds of molecular structures, chevron and square net-
works were observed, and their molecular models were ex-
plained on the bases of DFT calculations. Both molecular struc-
tures were stabilized by intermolecular O···H and Cl···H hydro-
gen bonds. Our study shows that Cl-related halogen bonds
weakly contribute to the molecular structures due to the
modest positive potential of the Cl-ligands, calling for further
study regarding Cl-related halogen bonds.

Experimental Methods

STM experiments were performed using a home-built STM housed
in an ultra-high vacuum chamber with a base pressure below 7 �
10�11 torr. The Au(111) surface was prepared from a thin film
(200 nm thick) of Au on mica that was exposed to several cycles of
Ne-ion sputtering and annealing at 800 K over the course of 1 h.
The cleanliness of the Au(111) surface was checked by STM, and
the typical herringbone structures were observed. Commercially

available 1,5-DCAQ (Tokyo Chemical Industry) was outgassed in
vacuum for several hours and then deposited on the Au(111) sur-
face at submonolayer coverage by thermal evaporation using an
alumina-coated evaporator. STM images were obtained at con-
stant-current mode with a Pt/Rh tip while keeping the sample tem-
perature at 80 K.

Theoretical Calculations

We performed ab initio density functional calculations (DFT) using
the VASP code.[25, 26] Interactions between ions and electrons were
approximated by the projector-augmented wave (PAW) poten-
tial.[28] The generalized gradient approximation (GGA) with the
Perdew–Burke–Ernzerhof (PBE) functional was used to describe the
exchange correlations between electrons.[29] The energy cut-off for
the plane wave basis was set to 600 eV. To describe non-bonding
interactions between the molecules, in particular the van der Waals
type, an empirical correction scheme proposed by Grimme et al.
was adopted.[30] The energy and electrostatic potentials for the iso-
lated molecules were obtained using a 35 � 35 � 20 �3 supercell. A
simulation cells containing two DCAQ molecules was adopted to
describe the periodic structure, as depicted along with unit vectors
in Figure 4 a, b. The height of the simulation box perpendicular to
the molecule plane was fixed at 10 �, and the lateral cell parame-
ters were optimized such that the residual stress was reduced to
under 1 kbar.
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