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Herein, we report the synthesis and characterization of -conjugated macrocycles, with diameters over 2.4
nanometers, composed of biphenylene and butadiyne units. Specifically, biphenylene-2,7-diyl-butadiyne-
1,4-diyl (BB) macrocycles were synthesized via the intermolecular Hay coupling reaction of a 2,7-
diethynylbiphenylene derivative. The BB macrocycles exhibited absorption bands extending up to
~600 nm and emitted red luminescence. Moreover, scanning tunneling microscopy observations
revealed that the BB macrocycles formed self-assembled molecular networks at the liquid—graphite
interface, showing higher tunneling efficiency. The BB macrocycles exhibited high energy levels of the
highest occupied molecular orbitals and narrow energy gaps due to the elongated m-electron
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field using quantum chemical calculations of BB macrocycle models revealed reinforced antiaromatic

DOI: 10.1039/d55c04720j character at four-membered rings. The present information will advance the structural design and

Open Access Article. Published on 18 August 2025. Downloaded on 1/20/2026 1:45:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

Introduction

m-Conjugated, shape-persistent macrocyclic compounds are of
great interest because of their fundamental synthetic and
theoretical aspects, as well as their applications in optoelec-
tronic materials, hierarchical molecular architecture construc-
tion via self-assembly in various environments, and guest
recognition at intrinsic pore or cavity space."” Over the past
half-century, different macrocycles, such as planar two-
dimensional (2D) molecular rings and three-dimensional (3D)
molecular hoops and belts, have been produced based on
sophisticated molecular design.*** Rigid m-electron conjugated
units such as benzene, polycyclic aromatics, and heterocyclic
rings, as well as porphyrin, oligophenyl, ethylene, butadiene,
ethyne, and butadiyne units, are essential components for the
construction of such macrocycles. In particular, aromatic units
or those combined with linear carbon-carbon triple bond units
are typically employed because of their rigidity and stability.
However, macrocycles incorporating an antiaromatic compo-
nent remain scarce. Esser and coworkers recently reported
molecular hoops comprising dibenzopentalene units, which
exhibited unique optoelectronic characteristics because of the
antiaromatic pentalene units."»® Moreover, there are few
examples of nanometer-scale macrocyclic molecules with global
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property tuning of macrocyclic compounds with antiaromatic character.

antiaromatic character. Anderson and coworkers demonstrated
that the tetra-cation and tetra-anion of a six-porphyrin nanoring
template complex with 80- and 88-m electrons were anti-
aromatic based on their ring current effects under an external
magnetic field.™"® Furthermore, tetraradicaloid macrocycles
have been reported to show antiaromatic character.””* Never-
theless, further fundamental studies on macrocycles with
antiaromatic character are required to gain an in-depth
understanding of the structure-property relationships. Such
insights are crucial for tuning their properties, including the
modulation of highest occupied molecular orbital (HOMO)-
lowest unoccupied molecular orbital (LUMO) energy levels and
their energy gaps,”*** as well as the formation of molecular
stacks via antiaromatic units,®*** which are key elements for
prospective applications in optoelectronic materials and the
design of self-assembled structures.

m-Conjugated ring units are essential building blocks in the
design of m-conjugated macrocycles because they link other
units with a tunable connection angle.>® For instance, a benzene
ring offers 60° (ortho), 120° (meta), and 180° (para) connections
(Fig. 1a). Notably, the efficiency of m-electron system elongation
differs by position: it is efficient in the ortho- and para-positions
but not in the meta-position.>”"** Polycyclic aromatic units (i.e.,
naphthalene, anthracene, phenanthrene, and pyrene units) and
oligophenyl units (i.e., biphenyl, terphenyl, and quaterphenyl
units) share geometric and electronic features as the molecular
linkers. For heterocyclic rings, a pyridine ring has similar
features to the benzene ring,**** whereas a thiophene ring
extends the m-electron system efficiently at the a-position (2-
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Fig. 1 Chemical structures of representative molecular linker units: benzene, thiophene, and biphenylene units. The angles between the two

Clsp?)-

C(CH=) bonds in the linker units derived from the density functional theory (DFT) (B3LYP/6-311G(d,p))-optimized geometries of the

corresponding dimethyl-substituted compounds (Fig. S1). (b) Chemical structures of the BB macrocycles: BB-pentamer, BB-hexamer, and BB-
heptamer. The capital letters A and B indicate 4 MRs and six-membered rings (6 MRs). (c) Selected electronic structures of the BB macrocycles:

benzenoid (top) and quinoidal (bottom) electronic structures. Small alp
bond positions. A quinoidal electronic structure (bottom) contributes t

habetic letters a—k in the benzenoid electronic structure (top) indicate the
0 an increase in the local antiaromatic character at the 4 MR (Fig. S15). (d)

Chemical structures of the PB macrocycles: PB-pentamer, PB-hexamer, and PB-heptamer. The capital letter C indicates the 6 MR. (e) Chemical

structures of model compounds | and Il for the DFT simulations.

and 5-positions) by ~150°.%>*¢ Although there are many exam-
ples of molecular linker units, those connected to other units at
an angle of 120° (equivalent to the meta-position) with good -
electron elongation efficiency are few,”*® which limits the
production of fully w-conjugated, planar macrocycles. Employ-
ing such a molecular linker unit is expected to develop struc-
tural design and to enhance their optoelectronic properties.

In this context, we report the synthesis and properties of -
conjugated, planar macrocycles, with diameters over 2.4
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nanometers, comprising biphenylene units with weak anti-
aromatic character and butadiyne units as spacers (Fig. 1b and
¢). To our knowledge, the biphenylene unit has not yet been
used to produce m-conjugated macrocycles with diameters over
a few nanometers. The optoelectronic properties in solution
and electron tunneling efficiency on a solid surface confirmed
the formation of m-electron conjugated systems through the
biphenylene units in biphenylene-2,7-diyl-butadiyne-1,4-diyl
(BB) macrocycles, which showed smaller HOMO-LUMO gaps
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Scheme 1 Synthesis of the BB macrocycles.
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with higher local antiaromatic character at the four-membered
rings (4 MRs), based on the comparison with non-cyclic refer-
ence compounds and a 1,3-phenylene-butadiyne-1,4-diyl (PB)
macrocycle (Fig. 1d and e).

Results and discussion
Design of BB and PB macrocycles

Biphenylene, a polycyclic hydrocarbon with two aromatic 6 MRs
and an antiaromatic 4 MR, was chosen as a molecular building
block for the target macrocycles.* The m-electrons at the 6 MRs
inhibit fused bonds, reducing the antiaromatic character of the 4
MR in biphenylene.** Biphenylene has recently been the subject
of interest because it is the smallest unit of the biphenylene
network.** A unique feature of biphenylene as a molecular linker is
m-electron elongation at the 2- and 7-positions with a connection
angle of ~120° (equivalent to the meta-position).*”*® Thus, we
delineated that planar, 7v-conjugated macrocycles can be produced
by connecting this unique molecular linker at the 2- and 7-posi-
tions. Moreover, we predicted that the contribution of a quinoidal
electronic structure would reinforce the antiaromatic nature of the
4 MRs in such biphenylene macrocycles (Fig. 1c and S15).** A
butadiynylene unit was chosen as a spacer unit to prevent steric
repulsion of the biphenylene units.*® Indeed, using quantum
chemical calculations at the B3LYP/6-311G(d,p) level of theory,
geometry optimization of the models of BB macrocycles with
methoxy groups predicted that the BB-pentamer and BB-hexamer
adopt planar geometries with Ds}, and Dg, symmetry constraints
(Fig. S2). On the other hand, the BB-heptamer has a shallow
saddle-type geometry without a symmetry constraint (Fig. S3). The
diameters of the BB-pentamer, BB-hexamer, and BB-heptamer are
2.4, 2.9, and 3.6 nm, respectively. Two decyloxy groups were
introduced into each biphenylene unit to ensure their solubility in
common organic solvents. As references, we also designed PB
macrocycles featuring benzene rings instead of biphenylene units
with the same substituent groups (Fig. 1d and S4).

Synthesis of BB and PB macrocycles

The synthesis of the BB macrocycles is outlined in Scheme 1.
Commercially available biphenyl derivative 1 was transformed
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Scheme 2 Synthesis of the PB macrocycles.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

to dibromide 2 via the bromination of an in situ-generated
diazonium salt. The iodination of 2 produced diiodide 3.
Methoxy groups of 3 were replaced with decyloxy groups via the
deprotection and alkylation of hydroxy groups to afford
compound 5. The construction of the 4 MR was performed via
a copper-zinc catalyzed intramolecular coupling reaction of 5 to
produce 2,7-dibromo-3,6-bis(decyloxy)biphenylene 6. The
Sonogashira-Hagiwara coupling reaction of 6 with (tri-
methylsilyl)acetylene followed by a desilylation reaction of 7
produced monomer 8. The intermolecular Hay coupling reac-
tion of 8 in the presence of palladium and copper catalysts
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Fig. 2 (a and b) UV-vis absorption (a) and emission (b) spectra of the
BB-pentamer (black line), BB-hexamer (purple line), BB-heptamer (red
line), and compound 7 (gray dotted line). The excitation wavelengths
were 500 (BB macrocycles) and 445 nm (compound 7). (c) UV-vis
absorption and emission spectra of the PB-hexamer (blue and blue
dotted lines) and compound 10 (black line). The excitation wavelength
was 320 nm (PB-hexamer). In the emission spectra, emission bands do
not reflect their intrinsic intensities because we used different sensi-
tivity settings of the spectrometer for each measurement. All spectra
were measured in o-dichlorobenzene at room temperature except for
compound 10 (dichloromethane).
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under highly dilute conditions (6.7 x 10~% mol L") produced
various oligomeric products. Careful separation of the crude
reaction mixture using recycling preparative high-performance
liquid chromatography provided three products as red solids.
Simple signal patterns in the proton (*H) and carbon-13 (**C)
nuclear magnetic resonance (NMR) spectra of these products in
deuterated chloroform (CDCl;) at room temperature confirmed
their highly symmetric structures in solution. The doubly-
charged molecular ions (M>") of these products detected using
electrospray ionization time-of-flight mass spectroscopy
confirmed the formation of the cyclic BB-pentamer (m/z:
1275.8716), BB-hexamer (m/z: 1531.0449), and BB-heptamer (m/
2:1786.2223). The BB-pentamer, BB-hexamer, and BB-heptamer
were obtained in yields of 3.0%, 1.9%, and 1.7% respectively,
from compound 7.

The PB macrocycle reference compounds were synthesized
using similar synthetic protocols starting from 1,5-
bis(decyloxy)-2,4-diiodobenzene (9) (Scheme 2). The intermo-
lecular coupling of 1,5-bis(decyloxy)-2,4-diethynylbenzene (11)
after the removal of the trimethylsilyl group of 10 afforded the
cyclic PB-pentamer, PB-hexamer, and PB-heptamer in 6.2%,
8.3%, and 2.3% from compound 10. Detailed synthetic proce-
dures are provided in the SI.

Electronic properties

The absorption and luminescence spectra of the macrocycles in
o-dichlorobenzene at room temperature are shown in Fig. 2,
and the spectroscopic data are summarized in Table 1. All BB
macrocycles exhibited two broad absorption bands with
maxima at ~320 and 510 nm. Because HOMO-LUMO transi-
tions are forbidden for all BB macrocycles, the longer wave-
length bands were attributed to HOMO-LUMO+1 and
HOMO-1-LUMO transitions for the BB-pentamer and BB-
hexamer and HOMO-LUMO+1, HOMO-LUMO+2, HOMO—1-
LUMO, and HOMO—2-LUMO for the BB-heptamer, as sup-
ported by the time-dependent (TD)-DFT calculations of the
corresponding model compounds having methoxy groups at the
B3LYP/6-311+G(d,p) level of theory (Fig. S7-S9 and Tables S3-
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Edge Article

S5). The absorption onsets were 611, 603, and 600 nm for the
BB-pentamer, BB-hexamer, and BB-heptamer, and the esti-
mated optical band gaps were 2.03, 2.06, and 2.07 €V, respec-
tively (Fig. S16). There were no substantial differences in the
absorption maxima and onsets among macrocycles based on
size. This may indicate an effective conjugation length based on
the comparison with linear model compounds (Fig. S6 and
Table S2).°° The absorption maxima and onsets were red-shifted
relative to those of acyclic compound 7 (maximum: 443 nm,
onset: 540 nm). All BB macrocycles showed red luminescence.
In the emission spectra, the BB macrocycles exhibited emission
bands showing maxima at 589, 587, and 583 nm and quantum
yields of 0.21, 0.24, and 0.22 for the BB-pentamer, BB-hexamer,
and BB-heptamer, respectively. Likewise, the emission bands
were red-shifted, and the quantum yields were higher compared
to compound 7 (maximum: 525 nm, quantum yield: 0.04). The
PB-hexamer and corresponding acyclic compound 10 showed
absorption bands with maxima of 377 and 327 nm and onsets of
401 and 342 nm, respectively. The PB-hexamer emitted weak
blue luminescence with an emission maximum of 395 nm and
a quantum yield of 0.03.

Differential pulse voltammetry measurements of the
macrocycles were conducted at room temperature using a solu-
tion of the macrocycle in o-dichlorobenzene (2.0 X
10~* mol L") with tetrabutylammonium hexafluorophosphate
as the supporting electrolyte (Fig. S17-S19). The potential was
calibrated against an oxidation wave of ferrocene. Broad
oxidation waves were observed at anodic peak potentials (E,p,) of
0.15,0.16, and 0.63 V for the BB-pentamer, BB-hexamer, and PB-
hexamer, respectively. No reduction waves were observed until
—1.7 V for all macrocycles in our experimental conditions. The
lower oxidation potentials of the BB macrocycles were ascribed
to their higher HOMO energy levels because of their electron-
rich nature.

m-Electron conjugated systems of macrocycles

The red shifting in the absorption onsets was caused by the
cyclization of the biphenylene system, indicating that the

Table 1 Summary of the ultraviolet-visible (UV-vis) absorption and emission spectra for the BB and PB macrocycles, as well as reference
compounds 7 and 10 in o-dichlorobenzene at room temperature, and DFT-predicted HOMO-LUMO energy gaps®

Absorption Absorption Optical band

DFT-predicted HOMO-LUMO Emission Emission

Compound maxima (nm) onset’ (nm) gap‘ (eV) energy gap” (eV) maximum (nm) quantum yield®
BB-pentamer 322, 509, 551 611 2.03 2.10 589 0.21
BB-hexamer 316, 513, 541 603 2.06 2.09 587 0.24
BB-heptamer 316, 510, 547 600 2.07 2.18 583 0.22

7 294, 443 540 2.30 —f 525 0.04
PB-hexamer 355, 377 401 3.09 3.42 429 0.03

10 293, 327 342 3.63 —f —= —£

“ o-Dichlorobenzene was used as the solvent except for compound 10 (dichloromethane) because of the limited solubility of the BB-hexamer in
conventional organic solvents. ” Gaussian deconvolution was applied for each absorption spectrum (Fig. S16). The onset wavelength was
estimated as the wavelength at which the Gaussian curve at the longest wavelength reaches 2% of its maximum. ¢ Optical bandgaps were
derived from the absorption onsets. In the present macrocycles, these values do not correspond to the HOMO-LUMO gaps as the HOMO-
LUMO transitions are forbidden. ¢ Calculated using the model compounds at the B3LYP/6-311G(d,p) level of theory. ° Absolute emission

quantum yields. Not calculated. £ No emission was observed.
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biphenylene unit acts as a w-conjugated linker of ~120° at the 2-
and 7-positions, yet the elongation of the m-electron conjugated
system reaches saturation by five repeating units (Table S2). The
absorption onsets of other planar macrocycles comprising
aromatic ring(s) and butadiynylene or ethynylene linkers have
been reported to be <450 nm,** except for macrocycles
comprising the thiophene unit.*® According to the quantum
chemical calculations of the model compounds of the BB
macrocycles, the predicted HOMO-LUMO gaps are 2.09-2.18 eV
(Table 1). Notably, the predicted HOMO-LUMO gap of the BB-
hexamer is narrower than those of the corresponding virtual
naphthalene-2,7-diyl-butadiyne-1,4-diyl hexamer and
anthracene-2,7-diyl-butadiyne-1,4-diyl hexamer (3.23 and 2.73
eV), though the m-electron number of biphenylene (12-w) is
inbetween those of naphthalene (10-7t) and anthracene (14-7t)
(Fig. S5 and Table S1). These facts support the substantial
reduction in the HOMO-LUMO gaps for the BB macrocycles.

The Wiberg bond indices (WBI)** analysis based on natural
bonding orbital and localized orbital locator (LOL-w) anal-
ysis®”*® were performed for the BB macrocycles and reference
model compound I (Fig. 1c) to identify the bonding nature and
degree of m-electron (de)localization at each bond. In the BB
macrocycles, the WBI values of bonds a, d, g, i, and k were
greater than those of reference compound I, whereas those of
bonds f, h, and j were lower (Table 2). The LOL-tt analyses
confirmed greater m-electron densities for outer bonds a over
inner bonds b in the BB macrocycles (Fig. 3a and $10). The bond
lengths of these compounds were qualitatively consistent with
the aforementioned features. These analyses indicate the
contribution of a quinoidal electronic structure in the BB
macrocycles.

Local (anti)aromaticity of macrocycles

The chemical shift values of hydrogen atoms attached to
aromatic or antiaromatic rings in the "H NMR spectra provide
experimental evidence for the induced ring current effect. In the
'H NMR spectra of the BB-pentamer, BB-hexamer, and BB-
heptamer, the outer hydrogens (H?) resonated at 6.41, 6.42,
and 6.42 ppm, respectively, and the inner hydrogens (HP)
resonated at 6.66, 6.63, and 6.61 ppm, respectively. H* and H"
appeared at 6.43 and 6.60 ppm for compound 8, 6.33 and
7.60 ppm for the PB-hexamer, and 6.34 and 7.51 ppm for
compound 11, respectively. The slight increase in the magnetic
shielding effect for H* relative to the corresponding acyclic
compounds indicated the weak attenuation of diatropic ring
currents in the 6 MRs upon macrocyclization. The downfield
shifts in H® for the macrocycles, particularly for the BB-
pentamer, would be ascribed to in-plane induced ring
currents at the inner periphery.>>*

To further investigate the local aromaticity of each ring, we
performed nucleus-independent chemical shift (NICS) calcula-
tion.** We used the NICS(1),, value, which is the zz component
of the isotropic NICS value calculated at 1 A above the ring
centers.®> The NICS values at 4 MRs A were all positive, and
those for the BB macrocycle models were slightly higher than
those acyclic model compound I (Table 3). Conversely, the NICS
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Acyclic compound Il

(a) LOL-m analysis of the model of the BB-hexamer (isovalue: 0.363). (b) Gauge-including magnetically induced current (GIMIC) analyses

of the models of the BB-hexamer and PB-hexamer, compound |, and compound Il (R = methyl group). The current paths are represented by
arrows, and their strengths are given in nA/T. (c) Anisotropy of the induced current density (AICD)-7 plots of the model of the BB-hexamer. All
calculations were conducted at the B3LYP/6-311G(d,p) level of theory employing the gauge-independent atomic orbital (GIAO) method. The
LOL-7 analyses, GIMIC analyses, and AICD-m plots of the models of the BB-pentamer and BB-heptamer and in-plane AICD-7 plots of the
models of the BB-hexamer and PB-hexamer are shown in the Sl (Fig. S10-S14).

Table 3 The NICS(1),, values of the model compounds of the BB and
PB macrocycle, as well as reference compounds | and Il calculated
using the GIAO method at the B3LYP/6-311G(d,p) level of theory

NICS(1),, value® (ppm)

Compound 4 MRA 6 MR B 6 MR C
BB-pentamer 35.1 —7.8 —
BB-hexamer 34.8 -7.9 —
BB-heptamer” 34.8 —-8.1 —

I 34.4 —-8.7 —
PB-hexamer — — —9.2

I — — -9.4

“ Calculated at the 1 A above the ring centroid. ” Average values of seven
rings because of its nonplanar geometry.

values at 6 MRs B were all negative, with the values for the BB
macrocycle model being larger than that for compound I. The
paratropic ring currents at the 4 MRs strengthened, whereas the
diatropic ring currents at the 6 MRs weakened. There is the
small difference in the NICS values between the PB macrocycle
and acyclic compound II (Fig. 1e) in 6 MRs C. Next, the
magnetically induced current strengths and the current densi-
ties were calculated using the gauge-including magnetically

17292 | Chem. Sci,, 2025, 16, 17287-17297

induced current (GIMIC) method.®*** Clockwise (paratropic)
and counter-clockwise (diatropic) currents flowed at 4 MRs A
and 6 MRs B in the BB macrocycles (Fig. 3b and S12), and di-
atropic currents flowed at 6 MRs C in the PB-hexamer.*® More-
over, the diatropic current strengths in 6 MRs B of the BB
macrocycles were weaker than those of acyclic compound I.
There was almost no difference in 6 MRs C between the PB
macrocycle and acyclic compound II. In the 4 MRs, the current
strengths of bonds a and b were higher in the BB macrocycles
than acyclic compound I, whereas the current strengths of bond
¢ were nearly identical, indicating slightly stronger overall
paratropic ring currents for the BB macrocycles. The anisotropy
of the induced current density (AICD) analyses of the BB and PB
macrocycles for the out-of-plane m-electrons also qualitatively
agreed with the GIMIC analyses (Fig. 3c and S13).5%%”

All magnetic shielding calculations supported higher anti-
aromaticity at the 4 MRs and lower aromaticity at the 6 MRs for
the BB macrocycles compared to the acyclic reference
compound.

Self-assembly of macrocycles at the liquid-graphite interfaces

Planar m-electron conjugated macrocycles may spontaneously
form self-assembled molecular networks (SAMNs)® with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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various topologies and functionalities at the liquid-solid
interface.®*”> Rigid polygonal macrocycles are essential
building blocks for the advancement of 2D crystal engi-
neering.*”*7* SAMNs are typically observed at submolecular
resolution using scanning tunneling microscopy (STM).”
Moreover, the STM technique can reveal the molecular elec-
tronic properties. In this context, we investigated the self-
assembly of the present macrocycles at the interface. A solu-
tion of the BB macrocycle in 1,2,4-trichlorobenzene (TCB) at
concentrations ranging from 1.0 x 107 ° t0 2.0 x 10 * mol L "
was dropped onto highly oriented pyrolytic graphite. The
SAMNSs were observed using STM at the TCB-graphite interface
at room temperature.

Fig. 4 shows the self-assembly of the BB-hexamer at the TCB-
graphite interface. The bright cyclic features correspond to -
conjugated systems of the BB-hexamer because of its high
tunneling efficiency (Fig. 4a and b), confirming a nanometer-
scale macrocyclic structure.”® At a low solute concentration
(1.0 x 107° mol L"), the molecules formed a hexagonally
aligned monolayer, reflecting the planar hexagonal geometry
(Fig. 4c). The decyloxy chains that run parallel to the main
symmetry axes of graphite should occupy a darker area.”” These
chains interdigitated each other, maximizing van der Waals
interactions and acting as intermolecular linkages.

Notably, increasing the solute concentration to 1.0 X
107> mol L™ led to multilayer formation via epitaxial structural
growth (Fig. 4d and e). The brighter cycles correspond to top-

\—

2 4

b/ \‘/‘/,

View Article Online
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layer molecules, as supported by the cross-sectional analysis
(Fig. 4f), and the macrocycles favor offset arrangements
(Fig. 4g). Though the epitaxial structural growth from the
monolayer has been reported for the disk-shaped molecules at
the liquid-solid interfaces,”®®* the present observation for the
macrocycle with the large intrinsic pore is intriguing in view of
the production of porous multi-layered films on surface.

The BB-pentamer and BB-heptamer also produced SAMNSs at
the TCB-graphite interface. Because pentagons and heptagons
cannot tessellate, these molecules formed quasi-hexagonal
structures by deforming their intrinsic polygonal shapes
(Fig. S20 and $21).*>7>7* The details are summarized in the SI.
Neither molecule exhibited epitaxial structural growth even at
high solute concentrations of 1.1 x 10~* (pentamer) and 2.0 x
10" mol L' (heptamer). The quasi-hexagonal patterns of the
distorted BB-pentamer and BB-heptamer, which differ from the
hexagonal arrangement of the BB-hexamer, changed the inter-
layer interactions, leading to no epitaxial film growth.

The PB-hexamer aligned in a quasi-hexagonal manner,
forming linear molecular rows in which one alkoxy chain per
molecule oriented to a liquid phase (Fig. 5a-c). No multilayer
formation was observed throughout a wide concentration range
(1.0 x 107°t0 2.0 x 10"* mol L™ 1).

To address the difference in the electronic properties of the
macrocycles, SAMN formation in a mixture of the BB-hexamer
and PB-hexamer at low concentrations of 5.1 x 10~ mol L™
and 1.5 x 10°® mol L' was investigated. Both molecules

\N

1st layer ( f) ‘

6 8  (nm)H

Fig.4 STM images and network models of SAMNs formed by the BB-hexamer at the TCB-graphite interface. (a) Large and (b) digitally-zoomed
small area STM images of monolayers formed at a low solute concentration (1.0 x 107® mol L™ and (c) corresponding network model on
a graphene bilayer sheet optimized using a molecular mechanics (MM) simulation (COMPASS Ill force field). The unit cell parametersarea =4.3 +
0.1nm,b=4.3+0.1nm, and y =60.1 £+ 0.4°. White arrows in (b) indicate the directions of the main symmetry axes of the underlying graphite. (d)
Large and (e) small area STM images of multilayers formed at a high solute concentration (1.0 x 107> mol L™ and (g) corresponding MM-
optimized network model of the multilayer (offset model) on a graphene bilayer sheet. The macrocyclic and network pores are most likely filled
with the solvent molecules (Fig. S22). In (g), the molecules in the second layer were omitted for clarity on the right side of the model. (f) Apparent
height analysis along a blue line in (e). The tunneling parameters are /st = 150 pA, Vpias = —0.69 V for (a), Iset = 150 pA, Viias = —0.85V for (b), lser =
150 pA, Vpias = —0.90 V for (d), and /et = 150 pA, Viias = —0.90 V for (e). Color code for atoms in the MM models (c and g), purple: carbon atoms of
the BB-hexamer (first layer), turquoise blue: carbon atoms of the BB-hexamer (second layer), gray: carbon atoms of the graphene bilayer sheet,
red: oxygen atoms, and white: hydrogen atoms.
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(a—c) STM images and network models of SAMNs formed by the PB-hexamer at the TCB-graphite interface. (a) Large and (b) small area

STM images of monolayers formed at a low solute concentration (1.0 x 107® mol L™%). The unit cell parametersarea =3.8 £ 01 nm, b=3.7 +
0.1 nm, and y = 59.2 + 0.8°. The white arrows in (b) indicate the directions of the main symmetry axes of the underlying graphite. (c) Network
model on a graphene bilayer sheet optimized using an MM simulation (COMPASS Ill force field). (d) STM image of SAMN formed by a mixture of
the BB-hexamer and PB-hexamer at the TCB-graphite interface (concentrations: 5.1 x 10~ and 1.5 x 10~ mol L™Y). (e) Simulated STM image of
the models of the BB-hexamer and PB-hexamer on graphene in a constant current mode (1.00 x 10~%a.u) using the GFN2-xTB method (Vpas =
—1.100 V). The z-axis indicates the distance between the STM tip and the graphene sheet (0 A). The tunneling parameters are lso¢ = 150 PA, Vijas =
—1.10 Vfor (@), lset = 150 pA, Vpias = —1.19 V for (b), and /sy = 150 pA, Vpias = —1.11V for (d). Color code for atoms in the MM models (c), aqua blue:
carbon atoms of the PB-hexamer, gray: carbon atoms of the graphene bilayer sheet, red: oxygen atoms, and white: hydrogen atoms.

formed their intrinsic alignments as separated domains
(Fig. 5d, S23, and S24).%> Notably, the macrocyclic core of the BB-
hexamer (left domain in Fig. 5d) appeared brighter than that of
the PB-hexamer (right domain in Fig. 5d) at the same bias
voltage (sample negative). To qualitatively verify the difference
in image appearance, we theoretically simulated the STM
images of the BB-hexamer and PB-hexamer on a graphene sheet
under a constant current mode using the GFN2-xTB method
(Fig. 5e and $25).**** The simulated images confirmed that the
BB-hexamer appears brighter (higher) than the PB-hexamer.
This is related to the higher tunneling efficiency of the BB-
hexamer because of its higher HOMO energy level,**® sup-
porting the electron-rich nature of the BB macrocycles con-
taining the weakly antiaromatic 4 MRs.

Conclusions

In this study, we reported the production and properties of
macrocycles, with diameters over 2.4 nanometers, comprising
biphenylene and butadiyne units. The comparison of the BB
macrocycles to the PB macrocycle and acyclic reference
compounds in terms of their photophysical and electronic
properties, together with the DFT calculations, demonstrated
that the biphenylene unit acts as a linker with a connection
angle of ~120°, maintaining 7-electron conjugation, yet the
elongation of the m-electron conjugated system reaches satu-
ration among the BB macrocycles. The quinoidal electronic

17294 | Chem. Sci., 2025, 16, 17287-17297

structure enhances the local antiaromatic character of the 4
MRs of the BB macrocycles, thereby influencing their electronic
properties. The present findings are useful for advancing
structural design and property tuning of macrocyclic
compounds based on the molecular components exhibiting
antiaromatic character. The self-assembly of the macrocycles at
the liquid-solid interface offers sophisticated control over thin-
film structures (monolayer vs. multilayer) while allowing the
modulation of interfacial electronic properties. The unique
properties of biphenylene-containing macrocycles may pave the
way for advances in organic materials science.
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