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ABSTRACT: The self-assembly of organic molecules at the
surface of highly oriented pyrolytic graphite (HOPG) is a
promising process for constructing molecular-scale architectures.
However, selectable organic molecules are generally restricted to
two-dimensional molecules with planar 7-conjugated structures
and alkyl chains. We herein present the formation of self-assembled
monolayers of tetrakis(4-ethynylphenyl)methane (TEPM) having
a three-dimensional (3D) tetrapod geometry on HOPG, which was
achieved by utilizing a simple spin-coating method. The arrange-
ments of TEPM molecules in the monolayers were investigated
using frequency-modulation atomic force microscopy (FM-AFM).
The resulting subnanometer-resolution FM-AFM images revealed
that the TEPM molecules formed linear rows with a periodicity of

Achiral tetrapod molecule

Mirror

0.85 nm oriented in a parallel configuration but with two alternating intervals of 0.7 and 1.0 nm. Moreover, the TEPM monolayers
were classified into two chiral types with a relationship of mutual mirror-image symmetry, according to the observed molecular
arrangements. Our results demonstrate the capability of TEPM molecules to act as 3D building blocks for the design of molecular-

scale architectures at interfaces.

B INTRODUCTION

The self-assembly of organic molecules at interfaces has
attracted considerable attention as a bottom-up approach to
constructing molecular-scale architectures. Although such self-
assembled structures have been obtained using a range of
organic molecules,”” systematic design of the interfacial
architectures remains a challenge. In addition, atomically flat
substrates have been used as platforms for constructing two-
dimensional (2D) self-assembled monolayers with key
examples including highly oriented pyrolytic graphite
(HOPG), which is a suitable platform for the assembly of
organic molecules consisting of planar 77-conjugated structures,
alkyl chains, and their combinations.”™ Indeed, the design of
chiral surfaces based on molecular self-assembly has been
identified as a major goal due to their demand for use in
applications such as chiral specific separation and sensing.'*~"”
Previous studies have demonstrated that not only chiral
organic molecules but also achiral molecules can form chiral
structures on HOPG.'"'*'>'” Thus, to develop sophisticated
chiral surfaces based on molecular self-assembly, a systematic
methodology for precise molecular design should be
established. However, the number of selectable organic
molecules that have been reported to form self-assembled
monolayers is limited with the majority consisting of 2D
frameworks with planar z-conjugated structures and alkyl
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chains. The energetically favorable orientations of such 2D
organic molecules tend to be parallel to the basal plane of
HOPG. Thus, a novel family of organic molecules that can
extend the chemical structure vertically from the surface
toward three-dimensional (3D) interfacial spaces is required to
establish a systematic methodology for the molecular design.
In this context, we wished to explore an organic molecule that
exhibits a 3D extended structure and is able to form a self-
assembled monolayer on HOPG. Here, we present our study
into the formation of self-assembled monolayers of tetrakis(4-
ethynylphenyl)methane (TEPM) molecules on HOPG. Unlike
2D organic molecules, a TEPM molecule consisting of four
equivalent ethynylphenyl groups presents a 3D tetrapod
geometry with high structural rigidity (Figure 1). When
three equivalent ethynylphenyl groups act as anchoring sites
for binding to the HOPG surface, the remaining ethynylphenyl
group has a perpendicular arrangement with respect to the
surface. Although its high lateral resolution has brought
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(b) Top view model

(c) Side view (d) Top view

Figure 1. (a) Chemical structure of TEPM. (b) Top view of a
simplified illustration of a TEPM molecule. (c) Side view and (d) top
view of the 3D tetrahedral (tetrapod) structure of a TEPM molecule.
The height (from the basal plane to an apical hydrogen atom) and the
side length of the tetrahedral structure are approximately 1.0 and 1.3
nm, respectively.

scanning tunneling microscopy (STM) into wide use to
investigate molecular-scale arrangements of self-assembled
monolayers formed from various organic molecules on
HOPG, STM investigations of spatially extended organic
molecules exhibiting non-conducting properties are challeng-

ing. Indeed, the STM tips may cause deformation and
destruction of TEPM molecules and self-assembled structures
because of their large molecular sizes (i.e, >1 nm). In this
study, we employed frequency-modulation atomic force
microscopy (FM-AFM), which is a technique that allows us
to visualize subnanometer-scale structures even in the presence
of fragile structures such as proteins."*™*° The obtained FM-
AFM images suggested the formation of self-assembled
monolayers of TEPM molecules on HOPG. Further, the
adsorption energies of the TEPM molecules on the HOPG
surface in different configurations were calculated using a
density functional theory (DFT) approach. These experimen-
tal and theoretical studies provided molecular-scale insights
into the arrangement and orientation of the TEPM molecules
on HOPG and revealed the formation of two chiral structures
with a relationship of mutual mirror-image symmetry.

B METHODS

Preparation of Self-Assembled Monolayers of TEPM
on HOPG. TEPM powder (1.0 mg, T3151, Tokyo Chemical
Industry Co., Ltd.) was dissolved in chloroform (2.4 mL)
(infinity pure, 033-15721, FUJIFILM Wako Pure Chemical
Corporation) to prepare a stock solution (1 mM). This stock
solution was subjected to ultrasonication for 1 min and
subsequently diluted with chloroform to a concentration of 0.6
mM prior to each experiment. The HOPG substrate (SPI-1
grade, 7 mm X 7 mm, SPI Supplies) was cleaved using a tape
and then rotated on a spin coater (MS-B100, MIKASA Co.,
Ltd.) at 7000 rpm. A drop of the prepared TEPM solution (6
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Figure 2. FM-AFM imaging of the TEPM molecules on the HOPG surface in water. (a) Height image. (b) Height profile obtained along line AB in
(a), suggesting a step height of approximately 1 nm. (c) Energy dissipation image. (d) Molecular-scale FM-AFM image taken in an area of the
TEPM monolayer. Dashed arrows indicate the molecular-scale striped contrasts. (e) High-resolution FM-AFM image of the TEPM monolayer.
Molecular-scale striped contrasts similar to that observed in (d) appeared as indicated by the dashed arrows. (f, g) Height profiles obtained along

line CD (f) and line EF (g) in (e).
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Figure 3. FM-AFM images of the TEPM monolayers with two different molecular arrangements. (a) and (b) show the FM-AFM images of
arrangements I and I, respectively. (c) and (d) were cut out from the boxed areas indicated in (a) and (b), respectively. Molecular rows with two
types of characteristic contrast were observed in both arrangements. Molecular rows with the three-point star (TPS)-like contrasts are defined to be
in row A, whereas the others are defined as row B. In addition, the direction of row A is defined such that the TPS-like contrasts are aligned with

vertically arranged Y letters.

uL) was immediately added to the rotating HOPG substrate.
After drying for 30 s under rotation, the rotation was stopped,
and the surface of the HOPG substrate was covered with
ultrapure water (90 yL) to avoid contamination from the air.
The substrate was then rinsed three times with ultrapure water
(90 uL).

FM-AFM Measurements in Liquid. A laboratory-built
AEM equipped with an ultralow noise deflection sensor'®*'
and a commercially available AFM controller (ARC 2, Oxford
Instruments) were used for FM-AFM imaging. A Nanonis
OC4.5 instrument (SPECS GmbH) was used as a frequency
shift detector and an excitation controller of the cantilever
vibration. The tip side of a PPP-NCHAuD cantilever (nominal
spring constant = 42 N/m, Nanoworld AG) was coated with Si
(30 nm) using a magnetron sputter coater (QT150, Quorum
Technologies) prior to the AFM experiments.”” The cantilever
was oscillated at the near-resonance frequency using a
photothermal excitation method.”" All FM-AFM measure-
ments were performed in ultrapure water at 25 °C.

DFT Calculations. To assess the stabilities of different
adsorption configurations of a TEPM molecule on the HOPG
surface, first-principles DFT calculations were performed using
the Vienna ab initio simulation package (VASP), version
5.3.5.2*** All DFT calculations employed the projector
augmented wave (PAW) method® with a cutoff energy of
450 eV and a generalized gradient approximation (GGA). In
addition, to account for the dispersion correction in long-range
interactions between TEPM and the HOPG surface, the
optB88-vdW exchange-correlation functional (an optimized
Becke88 functional integrated with a nonlocal vdW-DF
correlation) developed by Klime$ et al. was used”* > after
benchmark calculations had been performed, as described in
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the Supporting Information (Table S1). HOPG was modeled
by a three-layer periodic p(8 X 8) slab of a (0001) surface,
which contains 384 carbon atoms in total. A vacuum thickness
of 25 A above the top layer was chosen so that the interactions
between repeated slabs were small. The conjugate-gradient
algorithm was used to relax the ions into positions at local-
minimum geometries. To ensure efficient DFT calculations
without compromising the accuracy,” ~** the bottom HOPG
layer was fixed at the configuration of the optimized bulk
lattice, while the two topmost layers and the adsorbate (TEPM
molecule) were allowed to move during geometry optimiza-
tion.

B RESULTS AND DISCUSSION

Formation of TEPM Monolayers via Spin Coating. A
spin-coating method described in the Methods section was
employed to form self-assembled monolayers of TEPM
molecules on the HOPG surface. Figure 2 shows the obtained
FM-AFM images of the self-assembled monolayers prepared
using a 0.6 mM solution of TEPM in chloroform. In the height
image (Figure 2a), flat layered structures with clear steps and
defects are observed. When TEPM molecules with a height of
1 nm form monolayers, the thickness of the layered structures
should be approximately 1 nm. Indeed, the height profile along
the AB line (Figure 2b) shows that the thickness was
approximately 1 nm, as expected. In addition, Figure 2c
shows the energy dissipation image obtained simultaneously
with the FM-AFM height image. Clear contrasts of energy
dissipations appeared between the lower and higher areas of
the height image (Figure 2a), suggesting that the two areas
consist of different chemical structures. Figure 2d shows an
FM-AFM image obtained in the higher area. Surface structures
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