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Abstract: Antiaromatic compounds have recently received
considerable attention because of novel properties such as narrow
HOMO-LUMO gaps and facile formation of mutual stacking. Here, the
spontaneous assembly of antiaromatic meso-2-thienyl-substituted
5,15-dioxaporphyrin (DOP-1) is scrutinized at the liquid-solid interface
by scanning tunneling microscopy (STM). Polymorphism in
monolayers characterized by the orthogonal and parallel assemblies
is found at the low concentration of 0.05 mM. The parallel assembly
is more stable and dominantly formed at higher concentrations.
Aggregation was observed at concentrations > 0.2 mM, and the STM
images of the aggregates implied the formation of stacked layers. The
intrinsic electronic structures of the mutually stacked bilayer
generated by applying an electric pulse to the monolayer were probed
by scanning tunneling spectroscopy to reveal the narrowing HOMO-
LUMO gap by ca. 20% from the monolayer, suggesting significant
molecular orbital interactions.

Introduction

The term ‘antiaromaticity” was introduced by Breslow in 1965 as
an antonym of aromaticity to describe conjugated systems with
4n electrons when delocalization of the & electrons destabilizes
the systems.!'! Although the definition of
aromaticity/antiaromaticity is now classified in more detailed
manners, such as Huckel aromaticity/antiaromaticity for planar
and twisted molecules with 4n+2n/4nn electrons,? Mébius
aromaticity/antiaromaticity for 4nmn/4n+2n-conjugated molecules
with a Mdébius strip in the structures,-5 and Baird aromaticity for
4nn/4n+2n-conjugated planar molecules in the excited state,®7!
antiaromaticity in principle refers to unstable electron
configurations.

In 2007, Schleyer et al. theoretically predicted that mutual
stacking of two planar Hickel antiaromatic molecules within a
distance for molecular orbital (MO) interactions can induce
stabilized, degenerate HOMO, which resembles the electron
configuration of aromatic molecules.®! Such a through-space
conjugated system was then described as a three-dimensional
(3D) aromatic system. Despite the successful synthesis of
antiaromatic compounds as a stable form in the last half-
century,®'2 molecular assemblies of antiaromatic molecules and
their electronic structures have rarely been investigated because
most stable antiaromatic molecules known to date possess bulky
substituents to protect unstable antiaromatic conjugated systems
in the core.

As stable, less sterically hindered antiaromatic molecules, a
contracted porphyrin analogue called norcorrole!™® and
heteroatom-substituted porphyrin analogues
(heteroporphyrins)l'*'5l were recently elucidated. Because of the
removal of two sp?-hybridized carbon atoms from the skeleton of
porphyrin, norcorrole exhibits 16n antiaromaticity. In the case of
heteroporphyrins, substitution of two sp?-hybridized carbon atoms
with amino-nitrogen atoms, oxygen atoms, or both generates
structures of 5,15-diaminoporphyrin,['®71 5 15-dioxaporphyrin,['8
and 5-amino-15-oxaporphyrinl"® to attain 20n antiaromaticity.
With the less sterically hindered antiaromatic porphyrin analogues
in hand, Shinokubo et al. have investigated stacked structures of
norcorrole. Their pioneering works revealed the reversal of the
paratropic ring current effect to the diatropic one, indicating
enhanced aromaticity.20-221

During our studies on single molecular properties of 20n
antiaromatic Ni(Il) 10,20-di(2-thienyl)-5,15-dioxaporphyrin (DOP-
1, Figure 1) by scanning tunneling microscopy (STM), we noticed
that DOP-1 easily formed stacked assemblies at the liquid-solid
interface on highly oriented pyrolytic graphite (HOPG). Motivated
by the assembly formation for further study on the electronic



structure, the assembling processes of DOP-1 were investigated
by controlling sample concentrations. As a result, the monolayer
formations were achieved at low concentrations, and the
morphologies of assemblies were elucidated. Applying an electric
pulse to the densely packed monolayer enabled the formation of
the bilayer, the first example of stacked antiaromatic molecules
observed at the liquid-solid interface. The scanning tunneling
spectroscopy (STS) reveals the narrowing HOMO-LUMO gap of
the stacked bilayer from the monolayer.
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Figure 1. Structures of DOP-1 and DOP-2.

Results and Discussion

DOP-1 was synthesized from Ni(ll) bis(5-(2-thienyl)-1,9-
dibromodipyrrin) under slightly modified reaction conditions from
our previous study (See the Supporting Information).['®! The 'H
NMR spectrum of DOP-1 exhibits slight downfield shifts of the B-
pyrrolic proton signals at § = 6.13 and 5.18 ppm from that of
pyrrole at 6 = 6.2 ppm due to the paratropic ring current effect
arising from the 20 electron conjugated system (Figure S3). The
weak paratropic ring current effect was supported by positive
nucleus-independent chemical shifts (NICS(0))?® values inside
the macrocycle (Table S3). Single crystal X-ray diffraction
analysis unambiguously elucidates two independent structures of
DOP-1 in the unit cell (Figures 2 and S4 and Tables S1 and S2).124
Compared with the crystal structure of Ni(ll) 10,20-dimesityl-5,15-
dioxaporphyrin (DOP-2, Figure 1), DOP-1 exhibits smaller
dihedral angles between the meso-aryl substituents and the DOP
core owing to the less steric hindrance of the 2-thienyl groups
(DOP-1: 45, 57, and 79° and DOP-2: 81 and 89°). These small
dihedral angles allow DOP-1 to form a vertically stacked trimer
with an interplanar distance of ca. 3.3 A and Ni—Ni distance of
3.67 A. The relative displacement of the nickel center by ca. 1.5
A indicates a slipped stacking structure. Among the stacked three
DOP-1 molecules, the middle one exhibits a planar structure with
a minor root-mean-square deviation (dms) of 0.02 A, whereas the
top and bottom ones are slightly deformed to take saddle-shaped
structures with dms of 0.24 A. Two DOP-1 molecules in the
stacked trimer each form complementary hydrogen bonding
between the meso-oxygen atoms and the B-pyrrolic hydrogen
atoms with a DOP-1 molecule in the neighboring stacked trimer
(Figure S4c,d). The harmonic oscillator model of aromaticity
(HOMA)?9 values of these structures are 0.72 (planar structure)
and 0.70 (deformed structures), indicating minor bond length
alternations (Table S2). The NICS calculation was also performed
on the stacked trimer. The positive NICS(0) values inside the
macrocycles imply remnant antiaromaticity instead of 3D
aromaticity (Table S4). This result can generalize the determinant
factor of 3D aromaticity recently reported by Shinokubo et al.
based on polymorphism of stacked norcorroles.?'™ They found
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that 3D aromaticity became distinct when two norcorrole
molecules were stacked with a minor twist and a short
displacement. In the current case, a poor overlap of the n-system
due to the extensive displacement results in the absence of
distinct 3D aromaticity.
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Figure 2. (a) X-Ray single crystal structure of DOP-1. One of the independent
structures located in the middle of the stacked trimer is shown. (b) Stacked
trimer in the packing diagram. The thermal ellipsoids are scaled to the 50%
probability.

Figure 3 shows STM images of the DOP-1 assembly at the liquid-
solid interface of n-octanoic acid and HOPG at the sample
concentration of ca. 0.05 mM. Figure 3a shows two motifs with
staggered and striped features, encompassed by red and light-
blue dashed lines, respectively. The underlying HOPG is exposed
in the dark region, which can be a benchmark of the film thickness.
The lower panel of Figure 3a is a cutaway view corresponding to
the green horizontal line in the image. The height of ca. 2 A for
the assembly suggests that DOP-1 molecules lie flat on HOPG.
This model agrees well with reported values of 2-3 A for
porphyrin-based monolayers on HOPG and Au.?%?1 The
staggered domains were rather unstable and transformed into
striped domains within 30 min. Proposed adlayer models of the
staggered domain and its morphological change to the striped
domain are described in detail in the Supporting Information
(section v and Figure S5).

Figure 3b shows polymorphs of the striped domain consisting
of stripes with widths of 1, 2, and 4 DOP-1 molecules. Among
these morphologies in the striped domain, the dominant one is a
dimeric stripe as shown in Figures 3c and S6a,e. The stripes are
separated by dim channels. At the DOP-1 concentration > 0.2 mM,
such dim channels do not develop, and the assembly appears to
be densely packed (vide infra).

A high-resolution image of the striped domain is displayed in
Figure 3c. Also presented is a proposed packing model derived
from the lattice parameters as detailed in the figure caption,
although possibilities of other types of arrangements are not ruled
out. The assemblies are plausibly developed by the adsorbate-
substrate attractions and intermolecular interactions, as indicated
by the red circles. Two DOP-1 molecules are arranged side-by-
side in a parallel manner to form a rectangle-shaped dimer due to
hydrogen bonding between the meso oxygen atoms and the f-
pyrrolic hydrogen atoms. This building block is further organized
into lengthy stripes by stacking the thienyl groups with the next
neighbors. In the dim channels between the stripes, methylene
chains of the co-adsorbed n-octanoic acid can be resolved. Co-
adsorption of solvents with n-alkyl chains is frequently observed
at liquid-solid interfaces?®-3'l because of the van der Waals
interactions with the HOPG substrate.®? This dim channel
formation is also facilitated by hydrogen bonding interactions



between the thienyl groups of DOP-1 molecules and the acidic
hydrogen atoms of co-adsorbed n-octanoic acid. The section
profile (Figure S6e) shows that the dim channels are ca. 1 A lower
than the stripes, consistent with the relative difference in tunneling
efficiency between the saturated alkyl chains and n-electron-rich
moieties.

0 10 20 30 nm

Figure 3. STM images of polymorphic DOP-1 assembly. (a) The red and light-
blue dashed lines indicate domain boundaries. The lower panel shows the
section profile of the green dashed line in the middle of the image. (b) Stripes
with widths of 1, 2, and 4 DOP-1 molecules. (c) High-resolution STM images
and proposed adlayer models of striped domains. The proposed intermolecular
hydrogen bonds are circled in red. The arrows on the lower right of the image
indicate the unit cell directions of the underneath HOPG. Unit cell parameters
(I1al, |B|, @): 1.4 (0.1) nm, 2.8 (£0.1) nm, 94 (+2)°. Image size: a) 38 nm x 58
nm, b) 30 nm x 20 nm, c) 8 nm x 8 nm. Conditions: DOP-1 concentration, ca.
0.05 mM; solvent, n-octanoic acid; Vbias and hunneiing, @) =1.0 V, 60 pA; b) —0.80
V, 60 pA; c) -0.80 V, 60 pA.

Upon increasing the DOP-1 concentration to 0.2 mM, the STM
images exhibit formation of large domains (> 200 nm x 200 nm,
see also section viii in the Supporting Information). DOP-1
molecules are closely packed in rectangle-shaped (Figure 4a,d)
and parallelogram-shaped arrangements (Figure 4b,e). Figure 4c
records the two structures in the same image to exclude the
possibility of image distortion. The unit-cell structures are
proposed in Figures 4d and 4e, and the lower panels manifest the
difference arising from how the hydrogen bonds are paired. The
rectangle-shaped arrangement is identical to the striped domain
shown in Figure 3c without the dim channels. As for the
parallelogram-shaped one, Figure 4f shows both the adsorbate
and substrate in the same image to assign the overlayer structure
to the underneath HOPG. At the lower part of the image, the tip
Vbias Was stepped down from -0.75 V to -0.020 V, an approach
with a reduced tip-sample distance to unveil the underlying
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structure.B¥ The 2D-FFT (fast Fourier transform) analysis
revealed primitive unit cell vectors of 1.4 (+0.1) nm and 1.1 (x0.1)
nm, approximately §V3 and 2%3 times those of the underneath
HOPG (Figure S7b,c). The unit-cell parameters are similar to
those of the hydrogen-bonded packing structure observed in the
crystal lattice of the single crystal (Figure S4c). These results
indicate that the complementary intermolecular hydrogen bonding
interactions (red dotted lines in Figure 4d,e) and n-n stacking of
the thienyl groups facilitate the formation of the closely packed
domains at high concentrations.

Figure 4. STM images and proposed models for the rectangle-shaped (a,d,g)
and parallelogram-shaped (b,e,f,h) domains at the concentration of ca. 0.2 mM.
Black arrows on the lower right of panel f indicate the unit cell directions of the
underneath HOPG. One of the three directions, [1010], is in parallel to the
dashed line across the center of the image to manifest the relative angles
between the lattice vectors of adsorbate and substrate. In panels d and e, the
red dotted lines indicate proposed intermolecular hydrogen bonds between the
meso oxygen atoms and the B-pyrrolic hydrogen atoms. Image size: a,b) 29 nm
x 60 nm, ¢) 30 nm x 30 nm, f) 8 nm x 8 nm. Unit cell parameters ([al, |b|, o, B):
rectangle-shaped domain, 1.4 (20.1), 1.1 (x0.2) nm, 86 (+3)°, 30 (+3)°;
parallelogram-shaped domain, 1.4 (+0.1) nm, 1.1 (£0.1) nm, 122 (+2)°, 30 (+2)°.
Conditions: solvent, n-octanoic acid; Vbias and hunneiing, @) —0.8 V, 45 pA; b) -0.8
V, 65 pA; c) -0.75 V, 50 pA,; f, upper) —0.75 V, 40 pA; f, lower) -0.020 V, 60 pA;
g) -1.2V, 60 pA; h) -0.75 V, 40 pA.

The high-resolution images in Figures 4g,h show four-lobe
features for the pyrrole groups of DOP-1 under negative Vbias Of
-1.2 V and -0.75 V, respectively. The frontier orbitals calculated
by the DFT method are displayed for comparison. The electron
clouds of the HOMO resemble those of STM images, which
exhibit a hollow at the molecular center due to the presence of a
Ni?* jon. Such features have been reported for the high-resolution
STM images of Ni(ll) porphyrins®3% and explained in terms of the
electron tunneling mediated by the d» orbital of the Ni?*
center.®837] Because the filled dz orbital of the Ni?* ion lies quite



far away from the Fermi level,?53%40 the contribution to the
tunneling current is rather insignificant under the present imaging
conditions, resulting in the hollow appearance at the molecular
center. Unfortunately, the imaging quality at a more positive bias
than +0.5 V was too deteriorated to find the LUMO signature. A
possible reason may be the desorption of DOP-1 molecules from
the substrate due to unfavorable polarization under positive
surface potentialsi*'3 or competition of adsorption with n-
octanoic acid solvent molecules.[#!44]

At DOP-1 concentrations higher than 0.2 mM, it was difficult
to obtain STM images due to aggregation and multilayer formation
of DOP-1 molecules. To mimic the initial growth of multilayered
DOP-1 assemblies and study the assemblies on monolayers, a
high local concentration was created by applying a —4.5 V pulse
for 10 us to the closely packed monolayer at a concentration of
0.2 mM. Figure 5a shows that DOP-1 molecules at the lower left
part were ejected and readsorbed, resulting in small domains with
flat terraces. The dark area in which DOP-1 molecules were
depleted shows features of HOPG. The section profile reveals a
second layer of DOP-1 molecules. The height of ca. 3 A for the
bilayer is less than twice as large as the monolayer thickness of
1.8 A because the second layer imposes an additional attenuation
in tunneling efficiency.*546! Further away from where the pulse
was applied, DOP-1 molecules were assembled to form lines
along the direction of vector b (Figure 5b), the shorter one of the
unit cell vectors (Figure 4d,e). The nodal planes of DOP-1
molecules seen as faint dark lines imply the same orientations of
the ground and second layers. To manifest such submolecular
details, the bottom panels of Figure 5b are magnified from the
green box in the middle panel. The contrast was significantly
adjusted for the blurry fine lines at the ground (right panel, red
arrows) and second layers (left panel, green arrows). Presently,
we cannot completely rule out the possibility that the electric pulse
might generate charged DOP-1 species, which are dimerized with
neutral DOP-1 molecules on the ground layer. However, this
mechanism is less possible because the densely-packed second
layer formed with charged species might be unstable due to the
electrostatic repulsion. The homogeneity of the ground and
second layers in Figure 5b also support the formation of bilayer
with neutral DOP-1 molecules.

Applying a smaller pulse of =3.0 V for 10 ys can deposit a
small amount of isolated DOP-1 molecules (Figure 5c) without
damaging the monolayer (Figure S9). It is discernible that the
nodal planes (dark lines) for thus-deposited DOP-1 molecules are
generally in parallel with those of the ground layer. These images
indicate that DOP-1 molecules in the second layer are placed just
above DOP-1 molecules in the ground layer and form molecular
chains by complementary hydrogen bonding interactions with the
next neighbors and the ©-n stacking of the thienyl groups as with
the assemblies in the ground layer. Therefore, the observed
stacking of two DOP-1 molecules in the bilayer can be identified
as a vertically stacked dimer of antiaromatic molecules.

STS (scanning tunneling spectroscopy) measurements were
carried out to probe the intrinsic electronic properties of the DOP-
1 monolayer and bilayer. The dI/dV curve reveals the molecular
density of states’% and offers in-situ information about the
vertically stacked antiaromatic molecules that cannot be obtained
with other methods. Figure 5d displays d//dV curves obtained at
positions marked in Figure 5a. The spectrum of HOPG (black) is
a reference curve and is relatively featureless within the bias
window. In the spectrum of the DOP-1 monolayer (red), the onset
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potentials around —0.50 V and 2.05 V defined by the intersections
of the tangent at maximum slope and plateau line are assigned
as the HOMO and LUMO energies of the DOP-1 monolayer on
HOPG, respectively (Figures S10 and S11, see section x in the
Supporting Information).5% The estimated HOMO-LUMO energy
gap of ca. 2.55 eV is broadly reproduced by the DFT calculations
on DOP-1 molecule in the gas phase (2.20 eV (Figure S15)),
whereas this value is smaller than that of 1.8 eV estimated from
redox potentials in the cyclic voltammogram of DOP-1 probably
due to the polarization energy such as solvation energy that
stabilizes the charged redox species in electrochemical
environments (Figure S$12).
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Figure 5. Topographic and STS analysis of the DOP-1 monolayer and bilayer.
(a) STM image of DOP-1 assemblies after applying a —-4.5 V electric pulse for
10 ps. Black, red, and blue cross represent positions of the STM tip, in which
the dl/dV curves for the HOPG, DOP-1 monolayer, and DOP-1 bilayer were
acquired in panel d, respectively. STM images of (b) molecular lines and (c)
scattered DOP-1 molecules deposited on the ground layer after a pulse of -4.5
V and -3.0 V, respectively. (d) dl/dV to the bias curves of the HOPG, DOP-1
monolayer, and DOP-1 bilayer. The HOMO band of the DOP-1 bilayer around
the bias potential of -1 V right shifts from that of the DOP-1 monolayer. The
height profiles acquired from the green dashed lines in panels a and c, showing
the height difference between the DOP-1 layers. The regions of green boxes in
panels b and ¢ are magnified in the lower panels. The red and green arrows
indicate the faint dark lines of DOP-1 monolayers at the ground layer and DOP-
1 molecular chains at the second layer, respectively. Image size: a, 200 nm x
200 nm; b (upper), 40 nm x 25 nm; b (middle), 20 nm x 7.8 nm; ¢, 17 nm x 17
nm. Imaging conditions (Vbias, hunneing): @, =0.8 V, 70 pA; b (upper), -0.75 V, 50
pA; b (middle), -0.75 V, 40 pA; c, -0.75 V, 80 pA.



The dI/dV curve of DOP-1 bilayers reveals a narrowing of the
HOMO-LUMO gap (2.01 eV) by ca. 0.5 eV compared with the
monolayer. The HOMO onset shifts to the positive side. The trend
qualitatively agrees with the spectral features of the Davydov
splitting model for crystalline stacked organic films.®'-%3 The DFT
simulation with one DOP-1 and two stacked DOP-1 molecules on
HOPG elucidates a shift of the HOMO toward the Fermi level,
leading to a smaller HOMO-LUMO energy gap than that of the
single molecule (Figures S13-S16, see section xii in the
Supporting Information).53-%1 This result is inconsistent with
Schleyer's prediction for so-called superphane-type model
structures, in which two cyclic arenes with 4nn-conjugation are
linked to each other at each corner by a methylene (CHz) unit.t®2!
In his models, the MO interaction of degenerate singly-occupied
MO (SOMO) of the antiaromatic cyclic arene and vertical stacking
with small displacement are crucial for generating the stabilized,
degenerate HOMO of the stacked superphane-type dimer. In the
case of DOP-1, the D2n molecular symmetry of the real molecule
lifts the degenerate SOMO of the ideal 20mn-electron cyclic
annulene model of DOP-1 to generate the non-degenerate
HOMO and LUMO. In addition, there is a possibility that two DOP-
1 molecules can be stacked in a slipped stacking manner as
observed in the crystal structure. Therefore, the antibonding and
bonding MO interactions of the HOMO and LUMO, respectively,
result in the Davydov splitting to cause the destabilized HOMO
and stabilized LUMO. This discussion agrees well with the DFT
simulation of the monomer and stacked dimer on the HOPG
(Figure S16). Despite the discrepancy from Schleyer's prediction,
narrowing the HOMO-LUMO gap of antiaromatic DOP-1 by
vertical stacking is beneficial for molecular electronics
applications. This result also indicates that the strong tendency of
antiaromatic molecules to form vertical stacking is not owed to the
stabilized electron configuration but the intermolecular
interactions, such as a dispersion force.

Conclusion

The STM studies on DOP-1 at the liquid-solid interface reveal its
spontaneous assembling processes to form monolayers at low
concentrations < 0.2 mM and layered assemblies at high
concentrations > 0.2 mM. The morphologies of the monolayers
largely depend on the concentrations; at low concentrations of ca.
0.05 mM, the phase transition was observed due to the interplay
of the =n-n stacking and intermolecular hydrogen bonding
interactions between DOP-1 molecules, solvent molecules, and
graphite substrate, whereas at the concentration of ca. 0.2 mM,
the densely packed structures similar to that in the crystal
structure was obtained. The high-resolution image allows
visualization of the HOMO. The facile formation of layered
assemblies at high concentrations enables us to generate
bilayers by applying a pulse of voltage to make a high local
concentration. This is the first observation of the vertically stacked
antiaromatic molecules by STM. The STS spectra reveal that the
HOMO-LUMO gap of 2.55 eV for the monolayer becomes 2.01
eV for the bilayer. The reduced gap by ca. 0.5 eV is attributed to
the Davydov splitting due to the antibonding and bonding
interactions of the HOMO and LUMO of DOP-1, respectively.
Although the electronic structure of the vertically stacked DOP-1
is different from what Schleyer predicted for 3D aromaticity with
the superphane-type model structures of stacked cyclic arenes,®
the current research gives two important insights; 1) stacking
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antiaromatic molecules in a slipped stacking manner can further
decrease their inherently narrow HOMO-LUMO gaps that is a
desirable feature for molecular electronics application, and 2) the
strong tendency of antiaromatic molecules to form vertically
stacked structures can be discussed from the viewpoint of
energetic contribution rather than from that of electron
configuration. The unique features of 3D aromaticity will be further
investigated by the method developed in this study and reported
in due course from our laboratories.
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Spontaneous assemblies of antiaromatic meso-2-thienyl-substituted 5,15-dioxaporphyrin (DOP-1) have been studied at the liquid-
solid interface to elucidate its polymorphism in monolayer and facile formation of the stacked layer. The study of the intrinsic
electronic structures of the stacked bilayer by scanning tunneling spectroscopy revealed the narrowing HOMO-LUMO gap compared
to the monolayer, thus suggesting significant molecular orbital interactions.
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