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ABSTRACT

Indenofluorene, which consists of a 6-5-6-5-6 fused-ring structure, is a semiconducting molecule with possible applications in optoelectronic
devices. Bulk crystal structures, molecular front orbitals, and on-surface polymerized indenofluorene have recently been studied, but self-
assembled structures on the surface have not yet been reported. Here, we report the array structure of 2,8-dibromoindeno(1,2-b]fluorene-
6,12-dione on Au(111) studied using scanning tunneling microscopy. We proposed an alternating-tread stair structure as the molecular
model for the monolayer molecular islands, which show strong shape anisotropy. The model can be explained by four O---H hydrogen
bonds and one Br---Br halogen bond per molecule, as supported by density functional theory calculations. Although they prefer intermixed
heteroprochiral structures in bulk layers, our study shows that these molecules can form phase-separated homoprochiral structures on the

surface, leading to potential applications in molecular chiral separation.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001345

I. INTRODUCTION

Small molecules with many n-electrons can form crystals and
films with an energy bandgap, making them suitable for use in
electronic devices, with additional advantages of facile fabrication,
mechanical flexibility, and a low cost.'™ Indenofluorene, which
consists of a 6-5-6-5-6 fused-ring structure, is an example of one of
these molecules that has received significant research attention in
recent years. It has 20 n-electrons per molecule that are fully conju-
gated in a planar configuration, leading to typical n-type semicon-
ducting behavior.””'" Because of its unique optical properties, it
can be potentially employed in organic light-emitting diodes and
organic light-emitting transistors.'' ™'’ The crystal structure of
indenofluorene has been studied with x-ray diffraction and density
functional theory (DFT) calculations, showing stacking layers of
two-dimensional (2D) networks.'>'"” In each layer, fused rings and
end groups lie in a plane with negligible interplanar twists. The
molecules form strong intermolecular bonds within the same
plane, exhibiting continuous graphene-like 2D networks that are
effective for electron conduction. On metal surfaces, front-orbital
structures of adsorbed single indenofluorene molecules have been

visualized, and the on-surface synthesis of polymeric indenofluor-
ene chains has been actively studied using scanning tunneling
microscopy (STM).'°™*" However, the self-assembly of indenofluor-
ene structures on metal surfaces has not yet been reported in the
literature.

In the present study, we investigated the array structure of
2,8-dibromoindeno[1,2-b]fluorene-6,12-dione (DBIFD) on Au
(111) using STM. We observed an alternating-tread stair structure
in the monolayer molecular islands that demonstrated strong
anisotropy and proposed an atomistic model that can be explained
using O---H and Br---Br halogen bonds, as supported by DFT cal-
culations. Our study revealed that the observed structures were
phase-separated homoprochiral domains that are in striking con-
trast to previously reported intermixed heteroprochiral structures
in bulk molecular layers.

Il. EXPERIMENTAL METHODS

Experiments were conducted using a home-built STM system
housed in an ultrahigh vacuum chamber with a base pressure
below 1 x 107*° Torr. The Au(111) surface was prepared from an
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Au thin film (200 nm thick) 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 confirmed by the
presence of a typical herringbone structure on the terraces in the
STM images. Commercial DBIFD (Tokyo Chemical Industry,
Japan) was thermally evaporated from an alumina-coated crucible
onto the surface to provide submonolayer coverage while maintain-
ing the substrate temperature at about 150 K. The molecular source
was outgassed for several hours prior to deposition. The prepared
sample was transferred to the STM system, and measurements were
conducted at 80 K using a Pt-Rh alloy tip.

I1l. THEORETICAL CALCULATIONS

DFT calculations were performed using the VASP code.
The interaction between ions and electrons was approximated using
the projector-augmented wave method.”’ Generalized gradient
approximation with the Perdew-Burke-Ernzerhof functional was
used to determine the exchange-correlation energies between the
electrons.”* The energy cutoff for the plane-wave basis was set at
500 eV. To include nonbonding interactions between the molecules,
especially van der Waals interactions, the dispersion-corrected
DFT-D2 functional was adopted.”””® A unit cell containing a
DBIFD molecule was used to form the periodic structure. The
height of the simulation cell perpendicular to the molecular plane
was fixed at 30 A, while the lateral cell parameters (a, b) were opti-
mized to ensure that the residual stress was under 6.2 meV/A>,

21,22

IV. RESULTS AND DISCUSSION

Figure 1(a) presents a ball-and-stick model of a DBIFD mole-
cule, showing an alternating series of three hexagon and two penta-
gon rings with eight H atoms, two O atoms on the sides, and two
Br atoms at the ends, which can possibly form hydrogen and
halogen bonds. When the molecules were deposited at about 150 K,
they formed molecular islands with no particular molecular order,

@ Carbon
©Hydrogen
@ Oxygen
( Bromine
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but after annealing at temperatures higher than 200 K, molecular
islands with strong anisotropy and directionality appeared.
The aspect ratio of these molecular islands was higher than 8:1
[Figs. 1(b) and 1(c)]. The long edge of the molecular islands was
aligned with [112] along the direction of the herringbone recon-
structions of Au(111). Figures 2(a)-2(d) display higher-resolution
STM images of the molecular islands. A single DBIFD molecule is
represented as a bar with two bright balls corresponding to Br
atoms at both ends. In Figs. 2(b) and 2(d), a molecular model over-
lays the STM images. The model has an alternating-tread stair
structure, with each DBIFD molecule acting as an individual tread.

To explain the molecular model derived from our experi-
ments, we calculated the intramolecular electrostatic potential dis-
tribution for an isolated molecule using DFT. Figure 3(a) shows an
electrostatic potential of 0.02 ¢/A mapped on an isosurface.” While
the H and O atoms exhibit positive and negative electronic poten-
tials, respectively, the Br atoms show a unique structure with
o-holes exhibiting both positive and negative electronic potentials
in an atomic sphere.”’”** Based on the potential distribution of
individual DBIFD molecules, we constructed a simplified form of
the electrostatic potential distribution around the Br, O, and H
atoms and then superimposed this onto the experimental model as
shown in Fig. 3(b). We were able to deduce the possible interac-
tions between adjacent molecules; the cyan and red dotted lines
represent possible O---H hydrogen bonds and Br---Br halogen
bonds, respectively.33 ~*7(Colored figures are available online.)

To understand the precise arrangement of the DBIFD mole-
cules, we performed DFT calculations for the molecular lattice
structure. In these calculations, we considered free molecules. It has
been reported that planar organic molecules have numerous
adsorption sites on metal surfaces. In particular, for Au(111), the
variation in adsorption energy is relatively modest considering the
energy gains from the intermolecular interactions.”” A clearer
understanding would be possible by including the substrate. A par-
allelogram unit cell was adopted to construct the periodic structure

FIG. 1. (a) Ball-and-stick model of a 2,8-dibromoindeno[1,2-blfluorene-6,12-dione (DBIFD) molecule. (b) and (c) Typical STM images (64 x 64 nm?) of DBIFD molecules
on the Au(111) surface after annealing at (b) 200 K (0.1 ML) and (c) 300 K (0.3 ML). Tunneling current: (b) /+=0.1nA and (c) /r=0.05nA. Sample voltage: (b) Vs=1.1V

and (c) Vs=—1.6V.
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FIG. 2. (a)—(d) High-resolution STM images of 2D DBIFD structures. STM
images in (b) and (d) are magnified from the squared regions in (a) and (c),
respectively. Molecular models of DBIFD are superimposed over the STM
images. The sizes of the STM images: (a) and (c) 32x32nm? (b) and (d)
8 x8nm?. Tunneling current: (a) and (b) r=0.1nA; (c) and (d) /r=0.05nA.
Sample voltage: (a) Vs=-12V, (b) Ve=-04V, (c) Vs=-1.0V, and
(d) Vs=06V.

[Fig. 4(a)]. We considered the side lengths (a, b) of the parallelo-
gram to be two independent parameters with an angle of 77° esti-
mated from the experimental model. We performed calculations
for various sets of (a4, b), and obtained binding energies in the
range of 200-600 meV per molecule [Fig. 4(b)]. The most stable
structure was found at =0.73nm and b=1.72 nm, in reasonable
agreement with the experimental observations (a=0.73nm and
b=1.74nm). The largest energy gain was 540 meV per molecule,
representing an average intermolecular bond of 108 meV. We
extracted the lengths of the possible intermolecular bonds from a
relaxed geometry. The computational results produced lengths of
0.22 and 0.25nm for the O---H hydrogen bonds, depicted by the
cyan and gray dotted lines in Fig. 4(a), respectively, and a length of
0.38 nm for the Br---Br halogen bond. The sums of the van der
Waals radii are 0.27 nm for O---H hydrogen bonds and 0.37 nm for
Br---Br halogen bonds. When the distance between two atoms is
smaller than or similar to the sum of van der Waals radii of them,
it is often considered that the two atoms form intermolecular
bonds. Typical bond lengths for O---H and Br---Br are 0.18-0.26
and 0.32-0.42 nm, respectively.">"” The molecular structure had
four O---H hydrogen bonds and one Br---Br halogen bond per mol-
ecule along the direction of lattice vectors a and b, respectively,
which explains the observed anisotropy in the molecular islands.
When a new molecule joins an existing molecular island, the for-
mation of four O---H hydrogen bonds is always preferred to the

ARTICLE avs.scitation.org/journalljva

[l Positive electrostatic potential

. Negative electrostatic potential

FIG. 3. (a) Calculated electrostatic potential distribution (isodensity surface plot)
of a DBIFD molecule. (b) Schematic illustration of the intermolecular interactions
between neighboring molecules with a simplified electrostatic potential distribu-
tion around the Br, O, and H atoms. The positive and negative potentials are
colored red and blue, respectively. The dashed red and blue lines represent
possible hydrogen and halogen bonds, respectively. (Color online.)

formation of one Br---Br halogen bond. That is because typical
binding energy of an O---H hydrogen bond is in the similar range
to that of a Br---Br halogen bond.”*~*' The observed aspect ratio of
the molecular islands roughly corresponded to the ratio of binding
energies for two different sites on the long and short sides of the
islands. Although the number of intermolecular bonds had a ratio
of 4:1, the observed anisotropy in the island shapes had a ratio
higher than 8:1, which indicates that the average binding energy of
an O---H hydrogen bond must be at least twice as large as that of a
Br---Br halogen bond. Molecular diffusivity can allow another sce-
nario for islands anisotropy. Because of the herringbone recon-
structions, it is easy for molecules to move along [112] but hard to
move along 110. The high aspect ratios in molecular islands can be
induced by this diffusion anisotropy.

DBIFD molecules do not exhibit chirality in gas and liquid
phases. However, when they are adsorbed onto the surface, they
become chiral, which is known as prochirality. This is because flip-
ping an adsorbed molecule requires a considerable amount of

J. Vac. Sci. Technol. A 40(1) Jan/Feb 2022; doi: 10.1116/6.0001345
Published under an exclusive license by the AVS

40, 013201-3


https://avs.scitation.org/journal/jva

JVST A

Journal of Vacuum Science & Technology A

(b)
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- — = 0.22nm

excitation energy. The molecular structures considered to this point
in this article consisted of single-type prochiral molecules
(8-DBIFD). Nevertheless, we also observed a molecular structure
comprising different-type prochiral molecules (A-DBIFD), as
shown in Figs. 5(a) and 5(b). Thus, the observed DBIFD structures
were phase-separated and homoprochiral. Although the number of
islands we considered was not enough for the statistical analysis,
roughly half of them (54%) were 8-phase domains. Previous x-ray
diffraction and DFT calculations performed on bulk crystals have
revealed that DBIFD molecules form stacking layers of 2D struc-
tures, and each molecular layer has an intermixed heteroprochiral
structure in which & and A-DBIFD rows alternate, which contrasts
with our phase-separated structure on Au(111).'*"” The intermixed
structure has two O---H and two Br---H hydrogen bonds per mole-
cule with distances of 0.27 and 0.31 nm, respectively. Thus, the
phase-separated structure has one additional intermolecular bond
per molecule and a much shorter O---H distance than the

FIG. 5. STM images for two different prochiral DBIFD domains. (a) 8-DBIFD;
(b) A-DBIFD. (a) k=0.05nA, Vs=—-1.0V; (b) =0.05nA, Vs=—1.0V. The
size of STM images: (a) and (b) 6.5 x 6.5 nm?.

-540 meV
[ )
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-300

FIG. 4. (a) Calculated results for the
-400 relaxed 2D structure of DBIFD mole-
cules from  DFT calculations.
(b) Energy gains per molecule as a
function of lattice parameters (a, b) for
-500 2D sfructures with an angle of 77°.

076 (mev)

Lattice parameter a (nm)

intermixed structure. In general, achieving chiral resolution in
molecular systems has been a longstanding problem, with many
potential applications, such as heterogeneous catalysis, nonlinear
optics, and drug screening.”*>’ This difficulty arises because
nature prefers chiral intermixing over separation during the growth
of bulk crystals. It has been reported that even if molecules form an
intermixed structure in bulk crystals, they can make phase-
separation structures on the surface.”"”* The reason for this differ-
ence in chiral growth behavior between surface and bulk is that
there are interlayer interactions within the molecular crystals that
differ from the molecule-surface interactions. Indenofluorene mole-
cule is one of the rare examples that has structural data for both
bulk and surface available in literature because Ozdemir et al
reported x-ray diffraction data and density functional theory calcu-
lation results for bulks and in this article we report our data
obtained from STM on surfaces."”

V. CONCLUSIONS

We studied the array structures of DBIFD molecules on
Au(111) using STM and DFT calculations. DBIFD molecules
formed monolayer molecular islands with strong shape anisotropy
after annealing at temperatures higher than 200 K. Based on the
observed STM images, we proposed an atomic model of an
alternating-tread stair structure based on four O---H bonds and one
Br---Br halogen bond per molecule, as supported by our DFT cal-
culations. Our study shows that molecules can form phase-
separated homoprochiral domains on the surface, although they
prefer intermixed heteroprochiral domains in bulk layers; this has
the potential to be applied to the chiral separation of organic
molecules.
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