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Elucidation of intermolecular interactions is essential for understanding charge transport properties in
organic materials and organic electronic devices. While interactions between aromatic molecules have
been extensively studied, little is known about interactions between antiaromatic molecules. Theoretical
considerations predict that when two antiaromatic porphyrin molecules are superimposed, the
antiaromatic molecules should be stabilized by attractive intermolecular interactions. In this study, we
used atomic force microscopy to evaluate intermolecular interactions originating from the n—n stacking
of the two antiaromatic porphyrin moieties at the molecular level. We evaluated substantial interaction
between the antiaromatic porphyrin moieties as an adhesion force of the antiaromatic porphyrin mole-
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Introduction

The importance of intermolecular n-n stacking interactions in
enhancing charge transport has been widely studied in organic
electronics.”” Effective overlap of molecular orbitals along the
n-n stacking has contributed to the enhancement of charge
transport in organic electronic and bioelectronic materials.
Recent developments in molecular electronics have made it
possible to probe the n-n stacking at the single molecule level,
revealing unique charge transport properties® such as quantum
interference effects,>* length-independent charge transport,’
and high structural responsiveness to the external electric
field.® To understand the charge transport properties of n-n
stacking, it is of crucial importance to clarify the interactions
between m-stacked molecules. Indeed, extensive studies devoted
to the interactions between aromatic molecules have shed light
on their effects on electron transport. In terms of the n-n
stacking interactions, recent studies have shown that antiaro-
matic compounds, characterized by planar rings of sp> carbon
atoms sharing multiples of four n-electrons, form unique n-n
stacking structures in solution and in the solid state that
spatially delocalize the m-electrons of the two antiaromatic
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the attractive interaction between the two antiaromatic n-systems at the single-molecule level.

systems and that the molecular pairs of antiaromatics exhibit
stacked-ring aromaticity.””® Moreover, excellent charge trans-
port properties were found for such antiaromatic compounds
with a small HOMO-LUMO gap.’ Detailed knowledge of the
n-7 interactions is required to fully exploit the superior proper-
ties of the antiaromatics. However, unlike the aromatic counter-
part, little is known about interactions between antiaromatic
molecules.”'>"" In this study, atomic force microscopy (AFM)
was used to assess the intermolecular interactions between
antiaromatic systems, norcorrole Ni(u) (denoted as Ni(nor)). We
found substantial interaction between two antiaromatic Ni(nor)
systems using force spectroscopy. This result supports the for-
mation of n-n stacking due to the attractive interaction between
the two antiaromatic n-systems. The present work reveals the
intermolecular interactions of the antiaromatic systems at the
single-molecule level and provides a better understanding of
the interactions that make antiaromatic n-stacks suitable for
building blocks in organic electronics.

Results and discussion

The antiaromatic intermolecular interaction was evaluated by
measuring the interaction force between antiaromatic mole-
cules using AFM. We used a molecular matrix of a hexanethiol
(C6) monolayer as a host to support and isolate single dodeca-
nethiol (C12) chains appended with an antiaromatic moiety of
Ni(nor) as the tail group (Fig. 1a). Similar experiments were
performed for C12 with an aromatic moiety of Ni(porph) as the
tail group (Fig. 1a), which is expected to form the usual
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Fig. 1 (a) The chemical structures of hexanethiol (C6) and acetyl-protected
dodecanethiol with the norcorrole Ni(i) moiety (C12—Ni(nor)) and with the
porphyrin Ni(i) moiety (C12—Ni(porph)). The acetyl group of C12—Ni(nor) and
C12-Ni(porph) is desorbed during adsorption to the Au surface, allowing the
formation of a C12-Ni(nor)Au-S or a C12-Ni(porph)Au-S bond.*? (b)-(d)
Scanning tunneling microscopy topography of (b) and (c) the self-assembled
monolayer (SAM) matrix with isolated C12—Ni(nor) and C12—-Ni(porph) on
Au(111), and (d) the SAM of C6 on Au(11l). Imaging conditions: tunneling
current (I) = 0.3 nA and sample bias voltage (V) = +1.0 V.

aromatic m-stack. Fig. 1b-d show scanning tunneling micro-
scopy (STM) topography of the sample surfaces, in which
isolated individual molecules with either the antiaromatic
(C12-Ni(nor)) or the aromatic moiety (C12-Ni(porph)) were
visualized as bright spots. Such bright spots were not observed
in the STM images of C6 monolayers without C12-Ni(nor) and
C12-Ni(porph) (Fig. 1c). The higher topography observed for
C12-Ni(nor) and C12-Ni(porph) reflects the higher physical
height of C12-Ni(nor) and C12-Ni(porph) than C6. By counting
the number of bright spots in the STM image in Fig. 1b, the
surface density of C12-Ni(nor) molecules isolated in the C6
matrix on Au(111) can be estimated to be 0.02 nm™>.
Following the characterization of the isolated target mole-
cules in the C6 matrix, an intermolecular interaction force
between Ni(nor) molecules was evaluated by AFM force spectro-
scopy (Fig. 2a). Au-coated AFM cantilever tips were functiona-
lized with the C12-Ni(nor) molecules isolated in the C6 matrix,
in a similar fashion to the Au(111) substrate (see Fig. 1b), to
facilitate the formation of the mn-n stacking interactions
between the sample molecules on the tip and the substrate
surfaces. After bringing the AFM tip in contact with the sample
surface of the C6 matrix, the AFM tip was pulled away from the
surface to measure the adhesive force between the AFM tip and
the sample surface."®> The measured adhesion force includes
the contribution of the interaction force of n-r stacking of the
antiaromatic moieties (Fig. 2b). To extract the contribution of
the n—m stacking, we also performed AFM force spectroscopy on
a C6 monolayer sample without C12-Ni(nor), using the same
AFM tip used in AFM spectroscopy in Fig. 2a. Fig. 2c shows the
AFM force spectroscopy results for the C6 monolayer without
C12-Ni(nor), which clearly shows weaker adhesion than for the
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Fig. 2 (a) and (c) Force curves measured on the C6 matrix with and
without C12—-Ni(nor). Adhesion force was defined as the maximum attraction
(most negative force signal value) measured by the force curve. Schematics
of the experimental systems are shown at the bottom. (b) Schematic
illustration of the n-stack formation between C12—-Ni(nor) molecules. Grey,
white, blue, red, yellow, and green balls correspond to C, H, N, O, S and Ni
atoms, respectively.

C6 matrix with C12-Ni(nor). By subtracting the adhesive forces
measured for the C6 matrix with C12-Ni(nor) and the C6
monolayer without C12-Ni(nor), the contribution of the n-n
stacking interaction between antiaromatics can be estimated
(see AF in Fig. 3a). The interaction between antiaromatics arises
from the n-n stacking of multiple antiaromatic pairs formed
between the sample and the AFM probe. The number of
antiaromatic pairs formed in the force spectroscopy measure-
ments can be estimated by considering the contact area
between the sample and the AFM tip as well as the surface
density of the antiaromatic C12-Ni(nor) molecules. Based on
the surface density calculated from the STM image (0.02 nm?)
(Fig. 1b), the nominal radius of curvature of the AFM tip
(~50 nm),"* and the contact area corresponding to that nominal
radius of curvature, the interaction force of individual antiaromatic
pairs is calculated to be on the order of 150 pN, which is on the
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Fig. 3 Histograms of the observed adhesive force constructed from the
256 force curves for (a) the C6 matrix with and without C12-Ni(nor) and (b)
the C6 matrix with and without C12—-Ni(porph). The bold lines are the
result of the Gaussian fitting of the histograms. AF is the difference
between peak adhesion forces for C6 and Cl12-Ni(nor) or C6 and
C12-Ni(porph).
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same order of rapture force reported for the hydrogen bonding
between two 2-ureido-4[1H]-pyrimidinone (UPy) moieties (ca.
180 pN)."® Force measurements of C12-Ni(porph) aromatic pairs
suggest that the m—r stacking interactions of aromatics are of the
same order as that of antiaromatics (Fig. 3b and Fig. S1, ESIt) and
that the forces for aromatic and antiaromatic interactions are in
the order of 150-220 pN. The result is consistent with our previous
observation based on 'H NMR analysis.'’ This argument was
supported by density functional theory calculations.'
Face-to-face stacking of antiaromatics leads to energetic
stabilization, which is referred to as stacked-ring aromaticity.*"®
This energetic stabilization is due to the small HOMO-LUMO gap
of the antiaromatics and the interaction between the frontier
orbitals when the antiaromatics are stacked face-to-face."” Mean-
while, energy decomposition analyses of the n-n stacking struc-
tures of norcorrole and porphyrins demonstrate that the
dispersion interaction is more favourable for the antiaromatic
system than the aromatic one. The analyses also show stronger
repulsive interaction for the former than the latter, due to large
exchange repulsion in the stacked norcorrole with short stack-
ing distance. The overall interactions in the stacking structures
of the antiaromatic and aromatic compounds are counterba-
lanced by attractive and repulsive interactions. Consequently,
the interaction energies and rapture forces of m-stacked aro-
matics and n-stacked antiaromatics can be comparable in the
force spectroscopy measurements. Theoretical calculations pre-
dict interaction energies of 1.34 eV and 1.58 eV for aromatic and
antiaromatic pairs, respectively (Fig. S2 and ESIY). To accurately
determine the interaction force at the single molecule scale, it is
necessary to clarify the surface density of antiaromatic mole-
cules adsorbed on the probe surface, the actual contact area
between the AFM probe and the sample, and the dynamics of
the breaking process of the interacting molecular pairs, which
are far beyond the current standard experimental level and will
be addressed in the future. This study supports the formation of
n-stacks through an attractive interaction between two antiaro-
matic n-systems at the single-molecule scale to demonstrate the
potential of n-stacks of antiaromatics as building blocks for the
construction of organic frameworks in molecular electronics.

Experimental
Materials and sample preparation

Nickel(n) antiaromatic and aromatic compounds (C12-Ni(nor) and
C12-Ni(porph), Fig. 1a) were prepared according to previously
reported procedures.'® Au(111) substrates were prepared by the
thermal vacuum deposition of Au on mica substrates. STM tips
were mechanically cut from an Au wire (diameter 0.3 mm, purity
>99.9%; Nilaco). Samples are prepared by dipping the Au(111)
substrate into a 1 mM ethanol solution of hexanethiol (C6) for
1 hour. Then, the substrate was immersed in 0.5-1 mg ml '
toluene solution of C12-Ni(nor) or 12-Ni(porph) (Fig. 1a) for
10 min. After immersion, the substrate was washed thoroughly
with toluene and dried under a flow of inert gas. For control
experiments, samples were prepared by dipping the Au(111)
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substrate into a 1 mM ethanol solution of C6 for 1 h. After
immersion, the substrate was washed thoroughly with ethanol
and dried under a flow of inert gas.

STM and AFM measurements

STM measurements were performed using an MS-10 STM
(Bruker), controlled by a NanoScope V (Bruker) under ambient
conditions. All the STM images presented were recorded in
constant current mode using mechanically cut Au tips.

Force spectroscopy measurements were performed using a
multimode AFM (Bruker) controlled by a NanoScope V (Bruker)
under ambient conditions. Au-coated AFM cantilevers (PPP-
NCSTAu) were purchased from NANOSENSORS. The nominal
spring constant of the cantilever and radius of curvature of the
cantilever probe are 7.6 N m~ " and 50 nm, respectively. Prior to
the force spectroscopy measurements, the surface of the AFM
cantilever tip was modified with C6 and C12-Ni(nor) or C6 and
C12-Ni(porph) in the same manner as the sample preparation.

Conclusions

The interaction between the n-systems of norcorrole Ni(u) was
investigated at the single molecule scale using scanning probe
microscopy. The interaction was measured as the adhesive force
acting between norcorrole molecules anchored to the probe
surface and the sample surface. This study reveals substantial
interactions in antiaromatic m-systems and provides a better
understanding of the interactions that make n-stacks of anti-
aromatics suitable for building blocks in organic electronics.
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