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Molecular networks connected by halogen bonds have been actively studied due to their ubiquity in
biological systems and complementary role to hydrogen bonds. Although networks of planar molecules
with halogen ligands have been studied using scanning tunneling microscopy (STM), those of non-planar
molecules have not. Here, we report on the network structures of non-planar molecules containing Br-
ligands, tetrabromo-spirobifluorene on Au (111), studied using STM. One and two-dimensional networks
were observed and their intermolecular interactions were investigated. In two-dimensional networks,
a molecule forms 3.5 Br- - -Br halogen bonds and 2 Br---H hydrogen bonds, as supported by our density
functional theory calculation results. Our study demonstrates that intermolecular structures of non-
planar molecules with halogen bonds can be probed on surfaces using STM.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Increasing numbers of organic drug candidate moleculesinclude
halogen ligands to boost membrane permeability [1-3]. Halogen
ligands have abnormal electrostatic potential distributions; a pos-
itive potential region called a o-hole is surrounded by a negative
potential region, showing cylindrical symmetry along the axis of
the ligand bond [4-14]. The o-hole of a halogen ligand attracts the
negative potential regions of oxygen, nitrogen, and other halogen
ligands, resulting in halogen bonds. Halogen bonds can be as strong
as hydrogen bonds, but show different directionality. Thus they
are considered as complimentary tools for forming supramolecu-
lar structures that can be applied to molecular recognition, storage,
and catalysis [8-11]. The networks of supramolecular structures
formed with halogen bonds have been actively studied for the
last five years using scanning tunneling microscopy (STM) [15-26].
They have been found to form various two-dimensional networks
such as square, rectangular, hexagonal, chevron, or parallel-array
structures on crystal surfaces. These previous studies have been of
planar molecules to guarantee the ease of the identification of sin-
gle molecules and their interactions, but in nature there are more
non-planar molecules than planar ones. As far as we are aware,
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there has been no STM study of supramolecular structures formed
from non-planar molecules through halogen bonding.

Here, we present an STM study of the network structures
of tetrabromo-spirobifluorene (TBSBF), a non-planar molecule
containing Br-ligands on Au (111). We observed one and two-
dimensional networks and proposed their atomistic models. In the
two-dimensional networks, a molecule forms 3.5 Br- - -Br halogen
bonds and 2 Br- - -H hydrogen bonds, according to our density func-
tional theory (DFT) calculations. Our study shows that the network
structures and interactions of non-planar molecules with halogen
ligands can be successfully revealed using STM on surfaces.

2. Experimental methods

The experiments were performed using a home-built STM
housed in an ultrahigh vacuum (UHV) chamber with a base pres-
sure below 1 x 1019 torr. The Au (111) surface was prepared from
a 200 nm thick film of Au on mica that had been exposed to several
cycles of Ne-ion sputtering and annealing at 800 K over the course
of 1 h. The surface cleanliness of the Au (111) was checked by con-
firming the typical herringbone structures on the terraces in STM
images. Commercially available TBSBF molecules (Tokyo Chemi-
cal Industry, Japan) were thermally evaporated onto the surface to
form a sub-monolayer coverage from an alumina-coated crucible,
maintaining the substrate temperature at 150 K. The molecular
sources were outgassed for several hours prior to deposition. Once
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Fig. 1. (a) The chemical structure and the ball and stick 3D model of a TBSBF molecule. (b), (c) Typical STM images of TBSBF molecules on Au (111) surface after heating at
(b) 200K and (c) 300K. The size of STM images: 128 x 128 nm?. Tunneling current: It =0.03 nA. Sample voltage: (b) Vs=0.8 V and (c) Vs =0.7 V.

prepared, the sample was transferred to the STM, and measured at
80K using a Pt-Rh alloy tip.

3. Theoretical calculations

DFT calculations were performed using the VASP code [27,28].
Interactions between ions and electrons were approximated by the
projector-augmented wave (PAW) potential [29]. The generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) functional was used to describe the exchange-correlation
energies between electrons [30]. The energy cutoff for the plane
wave basis was set to 500 eV. To include the non-bonding interac-
tions between the molecules, especially those of the van der Waals
type, the empirical scheme proposed by Grimme was adopted [31].
Parallelepiped simulation cells containing two TBSBF molecules
were adopted to form the periodic structure. The side lengths a
and b of the parallelogram parallel to the molecular plane were
varied to find the most stable structure. The height of the simu-
lation cell perpendicular to the molecular plane was fixed at 50 A,
while the lateral cell parameters a and b were optimized such that
the residual stress was reduced to under 1 kbar.

4. Results and discussion

Fig. 1(a) shows the chemical structure and three-dimensional
(3D) ball and stick model of a TBSBF molecule made up of two
bibromo-fluorene (BBF) molecules. Two planar BBF molecules
share a carbon atom to form a “ + ”-like non-planar TBSBF structure.

When the molecules were deposited at 150K, rather than forming
ordered structures, they formed cluster structures randomly dis-
tributed on the terraces. Fig. 1(b), (c) show the STM images obtained
at 80K after depositing the TBSBF molecules on Au (111) at a sub-
monolayer coverage and annealing at 200 and 300K, respectively.
After annealing at 200K, the cluster structures are still visible, and
one-dimensional (1D) structures are observed on top of mono-
layer islands. However, when the sample was annealed at 300K,
the molecules formed two-dimensional (2D) structures. The 2D
structures also formed on top of the mono-layer islands whose
structures are not clear from our experiments. It is expected that
interaction between the molecules and substrate is marginal. Still,
the 2D networks reflect the herringbone structures of Au (111) as

shown in Fig. S1(a). The angle between the [121] direction of Au
(111) and the direction of a molecular row is estimated to be 30°.

Fig. 2(a)-(d) show higher resolution STM images of the 1D and
2D structures. We considered molecular models in which both BBF
planes of the single TBSBF molecules were in 90° configurations
with respect to a surface plane. One BBF is close to the surface (the
lower BBF), while the other is far from the surface (the upper BBF).
A bar-like structure that represents one side of the upper BBF of
the TBSBF molecule was regarded as a single molecule. Molecular
models are superimposed over the STM images of the 1D structures
in Fig. 2(b) and the 2D structures in Fig. 2(d).

To explain the molecular models deduced from our experi-
ments, we calculated the intramolecular electrostatic potential
distributions of isolated molecules using DFT calculations. Fig. 3(a)



112 M.H. Chang et al. / Applied Surface Science 432 (2018) 110-114

PoA A AT AR s a s At MR NE

4 *47 5 > 5

.
RSk NENE

e ra sy PR

IERTR TR S L8[ S 2%

| ERERESEE
: t\k‘*%t‘t‘?ﬁk '

ERERRRS RS v Y
S L S S S L ST TR ATt T at Y
S AT R A T AN R R A TR S AT L R

LT L S TS N S S TR AT s

LERE AR AR A s AR 02
M et

(TETLY

Fig. 2. High resolution (compared to Fig. 1) STM images of (a) and (b) 1D and (c) and (d) 2D structures. STM images of (b) and (d) are magnified from the squared regions in
(a) and (c), respectively. Molecular models of TBSBF are superimposed over the STM images of the (b) 1D and (d) 2D structures. The sizes of STM images: (a) 38 x 38 nm?, (b)
8.4 x 8.4nm?, (c) 31 x 31 nm? and (d) 9.3 x 9.3 nm?2. Tunneling current: It =0.03 nA. Sample voltage: (a) and (b) Vs =0.99V, (c) Vs =0.87V, and (d) Vs =1.28 V.

shows the electrostatic potential mapped on isosurfaces of
0.02¢/A3. H atoms exhibit a positive electrostatic potential while
Br atoms exhibit both positive and negative electrostatic potentials
with the unique o-hole structure. As shown in Fig. 3(b), the interac-
tions among the neighboring molecules in the 2D structures can be
plotted based on the potential distributions of a single molecule,
with a simplified version of the electrostatic potential distribu-
tions around the Br and H-ligands. To indicate the distance of Br
atoms from the surface, both blue and cyan were used for nega-
tive potentials. The blue colored Br is in the upper BBF plane, and
the cyan colored Br is in the lower BBF plane. Using these plots, the
experimentally-derived models of the 2D structures in Fig. 2(d) can
be explained by possible bonds, which are depicted in Fig. 3(b) as
colored solid lines for Br- - -Br halogen bonds and dashed lines for
hydrogen bonds. The three Br atoms in a TBSBF molecule may form
3 Br- - -Br halogen bonds and 2 Br- - -H hydrogen bonds, and the last
Br atom may form a Br- - -Br halogen bond.

We performed DFT calculations to explain the detailed inter-
molecular configurations of the 2D structures. Parallelogram unit
cells containing two TBSBF molecules were used to construct the
periodic structures depicted in Fig. 4(a). We considered the side
lengths (a, b) and the angle 0 of the parallelogram as three inde-

pendent parameters. In Fig. 4(b) the calculated formation energy is
represented by color as a function of a and b at an angle of 72°. Zero
energy would correspond to the energy of an isolated molecule. As
we varied the angle away from 72°, the formation energy always
increased for any set of (a, b). The most stable structure had a=1.32
and b=1.67nm, and this finding was in reasonable agreement
with the experimentally observed values of a=1.404+0.1 nm and
b=1.75+0.1 nm.

Using the minimum-energy structures in Fig. 4, the distances
of the possible halogen bonds and hydrogen bonds in Fig. 3(b)
are determined. The lengths of the possible Br- - -Br halogen bonds
depicted by the pink, green, blue and purple solid lines were 0.36,
0.39, 0.42, and 0.44 nm, respectively. Because the sum of the van
der Waals radii is 0.39 nm, the last two should be considered as
very weak or marginal halogen bonds. The lengths of the possible
Br. - -H hydrogen bonds depicted as red and cyan dotted lines were
0.29 and 0.34 nm, respectively. The sum of van der Waals radii of
Br and H is 0.30 nm. Overall, the molecular structures were stabi-
lized by 3.5 Br---Br halogen bonds and 2 Br---H hydrogen bonds
per molecule. If we count only the strong bonds that are shorter
than the sum of the van der Waals radii, the molecular structures
would be stabilized by 2 Br- - -Br halogen bonds and 1 Br- - -H hydro-
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Fig. 3. (a) Calculated electrostatic potential distributions of a TBSBF molecule at isodensity surfaces. (b) Schematic illustrations of neighboring molecules in 2D structures
with simplified electrostatic potential distributions around the Br and H atoms. The positive potentials are colored red, and the negative potentials are blue (Br atom in the
upper BBF plane) or cyan (Br atom in the lower BBF plane). The solid and dashed lines indicate possible halogen and hydrogen bonds, respectively.
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Fig. 4. (a) The calculated results for relaxed 2D structures of TBSBF molecules from DFT calculations. (b) The energy gain per molecule as a function of the lattice parameters
a, b for 2D structures with an angle of 72°.
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gen bond per molecule. According to the DFT calculation results,
the formation energy was 330 meV per molecule, meaning that the
strength of each bond is about 110 meV. Here we considered only
the 2D structures using DFT, because the 1D structure was much
more complicated.

5. Conclusions

We studied the 1D and 2D structures of non-planar TBSBF on
Au (111) using STM. Molecular models of the 2D structures were
proposed and explained on the basis of DFT calculations. The 2D
structures were stabilized by 3.5 Br- - -Br halogen bonds and 2 Br- - -H
hydrogen bonds per molecule. Our study shows that the inter-
molecular structures of non-planar molecules with halogen bond
can be probed on surfaces using STM.
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