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Intermolecular structures of porous two-dimensional supra-
molecular networks are studied using scanning tunnelling micro-
scopy combined with density functional theory calculations. The
local configurations of halogen bonds in polymorphic porous
supramolecular networks are directly visualized in support of
previous bulk crystal studies.

Porous supramolecular networks have attracted much attention
due to their possible applications including gas storage, hetero-
geneous catalysis, information storage, and in sensor devices.'
They can be fabricated by molecular self-assembly mechanisms
in which molecules themselves find specific locations that are
stabilized by energy gains of intermolecular bonds.” On metal
surfaces, well-ordered porous structures including rectangular,
ladder, honeycomb, Kagome, chevron, and flower-like networks
were fabricated using different molecules, as observed in
scanning tunneling microscopy (STM) studies.>* Electrostatic
intermolecular interactions such as van der Waals, dipole—
dipole, metal-ligand, and hydrogen bonds were used in these
structures.” It was recently demonstrated using STM that
supramolecular networks were mediated by halogen bonds,
between two covalently bonded halogen atoms, or between a
covalently bonded halogen and a donor atom such as O or
N.*? Such halogen bonds are made possible by unusual
charge distributions that have both positive and negative parts
in covalently-bonded halogen atoms.'®!!

It has been suggested that molecular crystals with porous
two-dimensional (2-D) honeycomb layers mediated by halogen
bonds could be grown in solution phases by mixing a tridentate
molecule with a rod-like molecule or with another tridentate
molecule.'® However, such halogen bonded porous structures
have been rarely studied with STM combined with density
functional theory (DFT) calculations that is powerful to reveal
the detailed molecular configurations. In this study, we used a
rod-like molecule, 4,4"-dibromo-p-terphenyl (DBTP), to
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fabricate porous 2-D networks and visualize them using
STM on Ag(111). We observed polymorphic network structures
made of square, rectangular, and hexagonal pores. The molecules
were self-assembled by means of triangular motifs with a
Br- - -Br bond and a Br- - -H bond. We propose and reproduced
molecular models for the observed structures using DFT
calculations with van der Waals correction. The geometry of
intermolecular bonds formed in the Br-terminated DBTP
molecule was in a stark contrast to the geometries formed in
a CN-terminated rod-like molecule.*'?

The chemical structure and calculated electrostatic potential of
a DBTP molecule are shown in Fig. 1(a) and (b), respectively.
The unique potential distribution around the Br atoms underlies
the physical origin of halogen bonds.'®!! Fig. 1(c) describes a
possible bond configuration between two DBTP molecules that
are overlaid by schematic electrostatic potentials deduced from
Fig. 1(b). Since Br has both positive and negative electrostatic
parts, it can be attracted by negative Br as well as positive H.
Therefore, the two molecules are doubly bonded by Br- - -Br and
Br- - -H pairs, as indicated by dotted lines in Fig. 1(c), resulting in
a triangular motif. In network structures, four (three) molecules
can combine to form the quartet (triplet) nodes of windmill
shapes based on the triangular motifs.

Figure 2 shows STM images and corresponding molecular
models for three different structures (square, rectangular, and
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Fig. 1 (a) Chemical structure of the 4,4"-dibromo-p-terphenyl
(DBTP) molecule. (b) The calculated molecular electrostatic potential
distribution of the DBTP molecule at the isodensity surface shown in
red (positive) and blue (negative). (c) Schematic for two DBTP
molecules with simplified electrostatic potential distributions around
H and Br atoms. Dotted lines indicate possible intermolecular bonds,
Br---Br (blue) and Br- - -H (red).
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Fig. 2 (a)-(c) STM topography images of three porous networks
obtained after a DBTP molecule was deposited on Ag(111) at 80 K.
(d)—(f) High resolution STM images from the square marked areas of
(a), (b), (c), respectively, which are superimposed with molecular
models. Sizes of STM images: (a) 26 x 26 nm?, (b) 26 x 26 nm?
() 23.5 x 23.5 nm?, and (d)—(f) 8 x 8 nm> For all images, tunneling
current I+ = 0.1 nA and sample voltage Vs = 1 V.

hexagonal networks) formed on Ag(111) at 150 K. First, we
discuss on the molecular configurations of the square and the
rectangular networks. In both networks, a quartet node forms
with four DBTP molecules connected by four triangular
motifs discussed above. Therefore, the joint mechanism would
be identical between these two network structures. The difference
between the square and the rectangular network lies in the
chiral structures; the quartet windmill nodes exhibit structural
chirality even if the molecules themselves are achiral. The
square network has only one type of chiral direction within
a domain, whereas the rectangular network has both types of
chiral directions that alternate between neighbouring nodes.

Next, we consider the molecular configurations of the
hexagonal network. Hexagons have row structures. Two hexagon
rows are separated by a rectangle row. The node structures of
rectangles in a row are intrinsically the same as those in
rectangular networks: they have four quartet windmill nodes.
Two of them are shared by hexagons. Thus, a hexagon has two
90° and four 135° angles. At the nodes of 135°, triplet windmill
nodes form. We expected that a triplet windmill was made
from three Br---Br and three Br---H bonds. However, two
Br---H bonds were missing, which we will describe
subsequently. The chiral directions between two neighboring
nodes in hexagon structures are the same (the opposite) if they
are along (perpendicular to) the direction of a hexagon row.

Hexagon structures with co-existing triplet and quartet nodes
are reminiscent of hydrogen bonded flower networks in trimesic
acid."® Inner parts of hexagons were fuzzy, different from those
of rectangles. A hexagon has a large enough area to encage a
DBTP molecule that keeps moving due to thermal energy at
80 K. The porous area of a hexagon (8.39 nm?) is larger than
twice the area of a square (3.61 nm?) and a rectangle (3.52 nm?).
Three structures were observed at lower temperatures down to
20 K without any other structure or disordered region. At room
temperature, chain structures were observed due to cleavage of
C-Br bonds, which will be discussed elsewhere.'”

We performed DFT calculations and confirmed the models
inferred by experiment as shown in Fig. 3. The equilibrium

lattice distances of square and rectangular networks were
1.98 nm and 2.75 nm, and the lattice distances of hexagonal
networks along two perpendicular directions were 2.82 nm and
4.58 nm, in excellent agreement with experimental observations
(1.97 + 0.05 nm, 2.74 £ 0.05 nm, 2.83 + 0.05 nm, and 4.60 +
0.05 nm, respectively). The angles in the hexagons were 90°
and 135°. In the nodes of the squares and rectangles, the long
axes of two molecules formed 90° angles, and two Br---Br
bonds also formed 90° angles. However, the long axis of a
molecule and Br- - -Br bonds are not parallel; rather, they have
7.6° and 6.9° angles in the square and the rectangular
networks, respectively, as noted by 6 in Fig. 3(a) and (b). This
is also in good agreement with the experimental models shown
in Fig. 2 (8 & 1° and 7 + 1°). These structural features are a
result of competition between Br---Br and Br---H bonds.'®
While Br---H bonds tend to increase the tilt angle 6, Br---Br
bonds are more stable when in parallel with the molecular axis.
The bond distances computed from the theoretical equilibrium
structures are summarized in the ESIf, they imply that Br- - -Br
and Br---H are reasonable entities of the porous networks.'®
We notice that the two distances between Br and H atoms in
the triplet windmill are 0.40 nm and 0.48 nm, which are too
large to be bonds.

The net energy gains for the square, rectangular, and
hexagonal structures were 220 meV, 220 meV, and 160 meV
per molecule, respectively, as shown in Fig. 3(d)—(f). In bulk
cases, we estimated that the strengths (distances) of the Br- - -H
and Br---Br bonds under similar molecular environments
(covalently bonded to C atoms) were about 70 meV (0.30 nm)
and 60 meV (0.38 nm), respectively.'® Based on these bond
strengths, the energy gains of the systems can be estimated by
counting the number of intermolecular bonds per molecule. In
both the square and rectangular networks, a DBTP molecule
has 2 Br---Br and 2 Br---H bonds. In a hexagonal network, a
DBTP molecule has 2 Br---Br and 1.2 Br---H bonds. There-
fore, the expected energy gains for square, rectangular, and
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Fig. 3 The calculated atomic structures (a) square, (b) rectangular,
and (c) hexagonal structures and the energy gains per molecule as a
function of lattice parameters for the (d) square, (¢) rectangular, and
(f) hexagonal structures. The 2-D unit cell vectors and possible
intermolecular interactions are drawn with solid and dotted lines,
respectively in (a), (b), and (c). The computed energy is shown in (d),
(e), and (f). For the hexagonal structure, only two graphs are displayed
for simplicity with a fixed angle and ratio between @ and b, although
we performed calculations by considering each of them as an independent
variable.
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hexagonal networks are 260 meV, 260 meV, and 200 meV per
molecule, respectively. The preceding computational results
were about 40 meV lower than this rough estimation. Some
part of the discrepancy may be related to limitations of density
functional theory such as the inability to describe dispersion
interactions accurately. (We considered the dispersion inter-
actions by semiempirical methods (see ESIT).)

The calculation results indicate that the square and rectangular
networks were more favourable than the hexagonal network.
However in our STM experiments, the hexagonal network
occupied about 70% of the total scanned area. (Rectangular
and square networks were 20% and 10%, respectively.) In the
calculations, the substrate was not taken into account. The
hexagonal structures may have had more energy gains than others
when molecules formed their structures on the hexagonal atomic
lattices of Ag(111).!® To achieve a better understanding of our
results, substrate effect should be considered in the calculations.

In conclusion, we studied the porous supramolecular
networks of DBTP on Ag(111) using STM. Three different
molecular structures—square, rectangular, and hexagonal—were
observed. Based on STM images, we proposed molecular
models that are in good agreement with DFT studies, and
can be explained using a triangular motif consisting of a
Br---Br and a Br---H bond. The measured bonding distances
and strengths are consistent with existing bulk data. Although
we performed experiments at low-temperature, halogen bonds
are active at room temperature in other systems.>'® We
envision that the dimensions of these porous structures can
be scaled up by increasing the lengths of the molecules
preserving the Br termination. The observed structures can
be used to create porous supramolecular structures in
various forms.
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