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Abstract:

Aromatic belts, ultrashort carbon nanotubes and related structures, are emerging
molecular entities in the fields of organic electronics and supramolecular chemistry owing
to their structural rigidity, fully fused m-conjugation, and well-defined cavity. Synthesis of
aromatic belts with embedded thiophene structures, which manifest significant
optoelectronic and conductive properties, has not yet been achieved. Herein, we report
the synthesis of long sought-after thiophene-fused aromatic belts (thiophene belts) via
one-step sulfur cross-linking reaction of partially fluorinated cycloparaphenylenes. Their
unique structural features, including unidirectional columnar stacking with high dipole
moment in crystals, two-dimensional layer assembly on metal surfaces, and unique
photophysical properties, such as long-lifetime phosphorescence, were uncovered. These
distinctive features of the thiophene belts should inspire a range of applications such as
next-generation optoelectronic devices and polar materials.
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Introduction

Aromatic belts, molecules comprising aromatic rings connected in tubular structures,
have been of interest to theoretical chemists as well as synthetic and physical chemists
for over 70 years owing to their uniquely rigid tubular structures and associated electronic
properties.!-® Stimulated by our first synthesis of a (6,6)carbon nanobelt in 2017,6 many
research groups have successfully synthesized a range of carbon nanobelts and related
aromatic belts.37-12 Most importantly, it has inspired chemists to apply sophisticated
synthetic strategies®® to access aromatic belts that were previously considered impossible
to synthesize due to their high strain energies. Aromatic nanobelts are emerging as a new
enterprise in chemistry. Their rigid and hollow structures, which can be regarded as
ultrashort carbon nanotubes, are expected to have a variety of applications, such as host-
guest chemistry and optoelectronic materials.>313.14 Importantly, Zang et al. demonstrated
that nanobelts have high conductance in single-molecule devices, highlighting the
importance of radial T-conjugation for high conductivity.'* When considering applications
in the field of organic electronics, there are many reasons for investigating and
incorporating fused thiophenes, which are known to be multifunctional and monopolistic
core structures. As representatives of electron-donating t-electron systems, fused
thiophenes are widely used as the basic backbone of p-type organic semiconductors,
molecular conductors, and light-emitting materials.'>'8 Therefore, the synthesis of
aromatic belts that incorporate fused thiophenes should lead to the provision of nanobelts
with new functions. Herein, we report the synthesis of long sought-after thiophene-fused
aromatic belts (thiophene belts) via one-step sulfur cross-linking of partially fluorinated
cycloparaphenylenes (CPPs) (Figure 1A). The unique structural features, photophysical
properties, and alignment on the metal surfaces were also elucidated in this study. These
features of the thiophene belts have inspired a range of applications in various fields.

Results and discussion
Structure prediction and synthesis of thiophene belts

Before investigating the synthesis of thiophene belts, strain energy calculations were
performed at the B3LYP/6-31G(d) level of theory to understand their structural properties.
The strain energy was calculated using a hypothetical homodesmotic reaction (Figure
1B).1® When the diameter is small (n = 6—18; n indicates the number of thiophene units),
the thiophene belts adopt cone-shaped structures with a strain energy behavior similar to
that of previously reported nanobelts. Thiophene belts are most stable in flattened
structures when their diameter exceeds a certain threshold (n = 18-26). In the larger
thiophene belts (n = 28-36), the shapes are the same as those of the saddle-shaped
surfaces. The change in shape with an increasing number of repeating units is similar to
that of sulflowers?° or cyclothiophenes.?1-23
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Figure 1. Strain energies, predicted structures, and synthesis of thiophene belts. (A) Fusion of
nanobelt chemistry and thiophene chemistry. (B) Plotting strain energies versus n (number of benzene
rings) and cone-shaped (n = 6—-18), flat-shaped (n = 18—26), and saddle-shaped structures (n = 28—
36) of thiophene belts. (C) Scheme for the syntheses of thiophene belts 1 and 2. Na,S, sodium sulfide;
NBu4Br, tetrabutylammonium bromide; HMPA, hexamethylphosphoric triamide.

In this study, cone-shaped thiophene belts were synthesized (Figure 1C). Among
various theoretical approaches, we envisioned a ring-to-belt synthesis through the late-
stage sulfur-embedding reaction of a CPP core.?426 Thus, significant strain energy gain is
not required during the difficult belt-forming events.5> For the C—S bond formation, we
chose nucleophilic aromatic substitution (SnAr) reactions at the C—F bonds because of
their reliability and simplicity.?” Thus, [8]thiophene belt (1) and [9]thiophene belt (2) were
synthesized from the corresponding half-fluorinated CPPs, F16[8]CPP and F1s[9]CPP.
Following extensive investigations, we found that the starting materials (F16[8]CPP and
F1s8[9]CPP) can be synthesized via our nickel-based method?®2° and Tsuchido’s gold-
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based method3%3! from readily available 2,2’,3,3’-tetrafluorobiphenyl. Details of the
synthesis are provided in Supporting Information. For key sulfur-embedding SnAr
reactions, the conditions reported by Amsharov are particularly effective.3? Thus, a mixture
of F16[8]CPP (1.0 equiv), sodium sulfide (80 equiv.), and tetrabutylammonium bromide
(TBAB: 16 equiv.) in hexamethylphosphoric triamide (HMPA) was heated at 180 °C for 3
h under microwave irradiation. Following purification by precipitation, washing, and silica
gel chromatography, the [8]thiophene belt (1) was successfully isolated in 20% yield as a
stable yellow solid (Figure 1C). Under similar SnAr reaction conditions, F1s[9]CPP was
converted to [9]thiophene belt (2) in 16% isolated yield (Figure 1C). Despite the large
number of reaction points (16 C-F bonds for 1, 18 C—F bonds for 2), both reactions
proceeded with approximately 90% efficiency per C-F bond. However, because
F12[6]CPP?2° did not tolerate the reaction conditions, [6]thiophene belt was not obtained.

In the 'TH NMR spectra of 1 and 2, only singlet signals were observed in both cases
(see Supporting Information for details). Structural optimization by density functional
theory (DFT) calculations resulted in structures with high symmetry of Csv for 1 and Cov
for 2. The results of NMR analysis and calculations suggest that the thiophene belts have
high symmetry, even in solution. The NMR signals of hydrogen atoms in the thiophene
belts were found to be of a lower magnetic field shifted than that of CPP (1: 7.72 ppm,
[BICPP: 7.48 ppm, 2: 7.85 ppm, [9]CPP: 7.52 ppm, see Supporting Information for
details).?63% This can be interpreted as a result of the stronger anti-shielding effect of
hydrogen atoms owing to the belt-like structural constraint of the CPP backbone by sulfur
cross-linking.

Crystal structures and packing of thiophene belts

Suitable single crystals of 1 and 2 were obtained from solutions of dichloromethane
for 1 and chlorobenzene for 2, respectively. Their structures were successfully determined
using X-ray crystallography. As shown in Figure 2A, 1 and 2 adopt belt-shaped and
truncated conical structures (Csv and Cov Symmetries, respectively). These unique shapes
result from a structure in which only one side of the CPP backbone is cross-linked with
sulfur atoms. The taper angles of the conical structures in each thiophene belt are 50° for
1 and 58° for 2, respectively. Consistent with the DFT calculation results, the angle
increases with increasing belt size. The measured diameters of the inscribed and
circumscribed circles in the observed structures of thiophene belts are 8.67 A and 12.9 A
for 1,9.75 A and 14.2 A for 2, respectively (Figure 2A and B, center and right). Another
interesting feature of thiophene belts is that they are neutral, yet significantly polar
molecules because the sulfur atoms are clustered on one side of the belts. According to
DFT calculations at the B3LYP/6-31G(d) level of theory, the electrostatic potential map
shows that the negative potential density is concentrated on the sulfur side. In addition, 1
has a dipole moment of 8.19 Debye and 2 has that of 8.87 Debye. The results show that
polarity increases with the increasing number of sulfur atoms with the cone-shaped
nanobelt structures (Figure 2E, see Supporting Information for details).
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Figure 2. Structural features of thiophene belts. (A and B) The Oak Ridge thermal-ellipsoid plot
(ORTEP) drawings of 1 and 2 with thermal ellipsoids at 50% probability (A for 1, B for 2, center: side
views and taper angles, right: top views, diameters of inscribed circle and circumscribed circle). Solvent
molecules are omitted for clarity. (C) Packing structures of 1 and 2. Solvent molecules
(dichloromethane for the left, and chlorobenzene for the right) are omitted for clarity. (D) Non-covalent
interaction (NCI) plot of 2 visualizing intramolecular interactions using X-ray structure. An isosurface
value of 0.30 a.u. is applied to the structure. (E) Electrostatic surface potential maps calculated for 2
with isovalues plotted at 0.001 and the value of dipole moment for 2. (F) Unit cell structure for 2 and
the value of dipole moment per unit cell.

Despite the use of thiophene belts of various sizes and different solvents to prepare
the crystals, all packing structures for 1 and 2 were stacked in a columnar manner (Figure
2C, left: dichloromethane for 1, and right: chlorobenzene for 2, benzene/pentane and
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chloroform/pentane for 1: see Supporting Information for details). Since certain bowl-
shaped molecules are known to form columnar stacks,34-38 the conical structures of the
thiophene belts may stabilize columnar packing, as visualized by the non-covalent
interaction (NCI) plot (Figure 2D). Interestingly, because each column is oriented in the
same direction, the crystals of the thiophene belts provide space with broken spatial
symmetry (Figure 2C). In the case of thiophene belts, all adjacent columns in the crystals
of 1 and 2 are not perfectly parallel but are aligned with a half-molecular translation of the
thiophene belt. Non-polar assemblies are often advantageous because the antiparallel
orientation of the dipoles in each column is more electrostatically favorable than the
parallel orientation.®* The intermolecular distance between columns is 2.73 A for 2, which
corresponds to the CH-mt interaction (Figure 2D). The packing of thiophene belts can
efficiently generate CH-ttinteractions like herringbone due to the inclination of the conical
structures. The calculations also show that the crystals, including the solvent in 2, are
polar crystals (36.6 Debye per unit cell, Figure 2F). Polar materials and single crystals are
of significant interest owing to their unique properties such as ferroelectricity and the bulk
photovoltaic effect.34.3%3%-43 Moreover, this remarkable column-forming tendency of the
thiophene belts was observed in the just-evaporated sample of 2 supported by the powder
X-ray diffraction pattern (see Supporting Information for details). The tubular space
surrounded by sulfur atoms, given by the characteristic structure of the belt, has no similar
examples. These features, coupled with manifesting one-dimensional and parallel-
orienting polar assemblies, stimulate the use of thiophene belts for various optoelectronic
applications.

Photophysical properties of thiophene belts

Optical measurements and DFT calculations were performed to investigate the
optoelectronic properties of thiophene belts. The ultraviolet-visible (UV—-vis) absorption of
dichloromethane solutions of 1 and 2 exhibit absorption peaks at 345 nm and 351 nm,
respectively (Figure 3A, solid green and blue lines, respectively). In the case of 1, the
peak top is red-shifted compared to that of pristine [8]CPP ([8]CPP: 339 nm) and blue-
shifted compared to that of methylene-bridged [8]cycloparaphenylene ([8]MCPP: 388
nm),** which has a rigid CPP moiety similar to 1. In the case of 2, the top of the peak is
slightly red-shifted from that of pristine [9JCPP (340 nm), as in the case of 1. The
absorption edges of 1 and 2 are observed at approximately 470 and 450 nm, respectively.
Time-dependent (TD)-DFT calculations at the B3LYP/6-31G(d) level revealed the
transitions attributable to each peak (see Supporting Information for details). The highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of
1 reflect the fused structure of cyclothiophenes?'->> and CPPs* whereas HOMO and
HOMO-1 reflect the isoelectronic structure'” of cyclophenacene, which is an
unsynthesized aromatic belt (Figure 3B, see Supporting Information for details).?3
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Figure 3. Photophysical properties of thiophene belts. (A) Ultraviolet—visible absorption and
fluorescence spectra of the diluted dichloromethane solution of thiophene belts at room temperature
(abs: solid lines, flu: dashed lines, green for 1 and blue for 2). The fluorescence quantum yield and
lifetime are shown in the upper right corner. Phosphorescence spectra of thiophene belts in 2-
methyltetrahydrofuran at 77 K upon excitation at 350 nm (long dashed lines, pink for 1 and orange for
2). The phosphorescence quantum yield and lifetime for 2 are shown in the upper right corner. (B)
Structures and frontier molecular orbitals calculated at the B3LYP/6-31G(d) level of theory (isovalue:
0.02) of 1 (yellow square), cyclothiophene (left gray square), and cycloparaphenylene (right gray
square) of the same ring-size as 1. Green and red indicate negative and positive wave functions,
respectively; HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital.
HOMO and LUMO of 1 reflect the fused structure of cyclothiophene and cycloparaphenylene.

In the fluorescence measurements, dichloromethane solutions of 1 and 2 exhibit
fluorescence with peaks at 521 nm for 1 and 496 nm for 2 (Figure 3A, dashed green and
blue lines). The maximum fluorescence wavelength of 1 is blue-shifted compared to those
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of [8]CPP and [8]MCPP ([8]CPP: 541 nm, [8]MCPP: 592 nm).** While no vibrational
structures were observed in the fluorescence of the pristine CPPs, vibrational structures
were observed in the thiophene belts, most likely because of their rigid structures.
Nanobelts 1 and 2 exhibit fluorescence quantum yield (®r) of 0.03 and 0.27, respectively,
the latter being smaller than that observed for [9]CPP (®r = 0.73, Figure S8 in Supporting
Information). The observed lower ®r for 2, despite the more rigid structure, can be
attributed to the strong spin-orbit coupling (SOC) exhibited by the sulfur atom.*¢ The
fluorescence lifetimes of the thiophene belts were estimated to be 2.64 ns for 1 and 4.74
ns for 2, respectively. According to the equations @F = kr x Tand kr + knr = T, the radiative
(k) and nonradiative (knr) decay rate constants from the singlet excited state are
determined as kk=1.1 x 107 s7'; knr =3.7 x 108 s~ for 1, k =5.7 x 107 s71; knr = 1.5 x 108
s~ for 2.

Importantly, phosphorescence was observed at low temperature (77 K). The
phosphorescence spectra of 2-methyltetrahydrofuran solutions of 1 and 2 exhibit peaks
at 592 and 565 nm, respectively, corresponding to vibrational structures (Figure 3A,
dashed orange and pink lines). The phosphorescence of 1 could not exclude the minor
peak on the short-wavelength side of the major peak, owing to unremovable trace
amounts of impurities. The phosphorescence spectra of thiophene belts are considerably
blue-shifted compared to those of CPPs, and the size dependency is consistent with the
behavior of the phosphorescence spectra of CPPs ([8]CPP: 671 nm, [9]CPP: 633 nm).4’
The phosphorescence quantum yield (®phos) for 2 is 0.096. The phosphorescence
lifetimes of the thiophene belts were also measured (Figure 3A, see Supporting
Information for details). Long-lifetime phosphorescence was observed in one component
for 2 (Tphos =130 ms). The phosphorescence lifetimes of the thiophene belts are more than
1000 times longer than those of CPPs ([8]CPP: 0.060 ms, [9]CPP: 0.063 ms).%” Usually,
in T-conjugated molecules, high-frequency vibrational modes inevitably accelerate
nonradiative deactivation.® The long phosphorescence lifetime observed in 2 compared
to that of [9]CPP may be due to the rigid sulfur-bridged belt structure, which reduces the
number of C—H bonds and their stretch modes, suppressing vibrational deactivation.
Nevertheless, the observed long-lived excited triplet states are of interest as this feature
is essential in the emerging fields of triplet-triplet annihilation upconversion*® and photo-
induced dynamic nuclear polarization.°

Assembly of thiophene belts on metal surfaces

The synthesized thiophene belts are defined by all sulfur atoms pointing in the same
direction, resulting in a high dipole moment. To investigate how this dipole and the metal-
sulfur interactions influence the nucleation of these molecular tubes on metal surfaces,
scanning tunneling microscopy (STM) in conjunction with DFT simulations was performed.
Therefore, belt 1 was deposited on the Au(111) and Cu(111) surfaces by sublimation at a
deposition temperature of 350 °C. Adsorbed single molecules can be identified
straightforwardly by their distinct circular contrast in constant current STM, which further
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proves a successful synthesis and deposition of the thiophene belts. Imaging at a bias
voltage of 2 V, the diameter of the ring can be estimated to be 8.3 A, which matches the
calculated size of 1 (see Supporting Information for details). On the Au(111) surface, 1 is
predominantly nucleated at the step edges at low coverages (Figure 4A). In contrast, on
the Cu(111) surface, islands of self-assembled thiophene belts were observed in a two-
dimensional densely ordered packing (Figure 4D). The measurements suggest that the
observed assemblies are of single-molecular height on both the Au and Cu surfaces and
that there is no stacking at these coverages (see Supporting Information for details).
Generally, pristine CPPs decompose at high temperatures owing to their high strain
energies. Therefore, previously reported STM images of the CPP derivatives were
prepared using the drop-cast method.®" As shown by the present measurements, 1
withstood sublimation temperatures as high as 350 °C, which suggests that the linking of
the CPP scaffold with sulfur atoms significantly increases the stability of 1.

AEbing = 2.42 eV ' AEbing = 1.97 eV

Figure 4. Scanning tunneling microscopy (STM) images of 1 and theoretical simulations of STM. (A)
STM image of 1 on the Au(111) surface (Bias voltage 2 V, Setpoint current 10 pA). Image in the range
of 100 nm, 24 nm, and 12 nm, respectively. (B and C) Schematic of 1 with sulfur atoms facing up for
B, and sulfur atoms facing down for C. Top view of geometry-optimized facing up or down (center of B
and C, respectively) 1 as self-assembly on Au surface. Simulated STM image and binding energy with
sulfur atoms facing up and down (right of B and C, respectively). (D) STM image of 1 on the Cu(111)
surface (Bias voltage 2 V, Setpoint current 10 pA). Image in the range of 50 nm, 10 nm, and 4 nm,
respectively. (E and F) Schematic of 1 with sulfur atoms facing up for E and sulfur atoms facing down
for F. Geometry-optimized top view of facing up or down (center of E and F, respectively) 1 as self-
assembly on Cu surface. Simulated STM image and binding energy with sulfur atoms facing up and
down (right of E and F, respectively).
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To clarify whether the sulfur atoms of 1 face up or down on the metal surfaces, DFT
calculations and STM simulations were performed using the Vienna Ab Initio Simulation
Package (VASP)%253 (Figure 4B, C, E, and F). On the Au(111) surface, the structure with
sulfur atoms facing down toward the Au step edges is in better agreement with the
measured data of the STM images, whereas on the Cu(111) surface, the structure with
sulfur atoms facing up toward the Cu surface shows better agreement. Furthermore, the
binding energies of 1 under upward- and downward-facing sulfur atoms on both Au and
Cu surfaces were calculated. On the Au(111) surface, the calculations emphasize that
conformations with sulfur contacts pointing toward the metal step edges are preferred
(AEbind,s-up = 2.16 eV and AEbind,s-down = 2.42 €V; Figure 4B and C). Remarkably, the
experiments on Au(111) further show that the thiophene belts exclusively show a stable
binding conformation at the step edges, while on flat terraces they are more mobile and
agglomerate in small islands in a disordered manner (see Supporting Information for
details). In contrast, on the Cu(111) surface, the calculations show that the thiophene belt
1 is preferentially aligned with sulfur atoms facing up (AEbind,s-up = 2.14 eV and AEbing,s-
down = 1.97 eV; Figure 4, E and F), favoring a conformation that enables multiple points of
contact (16 C—H bonds) with the metal surface. Therefore, the molecules are more stable
on the Cu(111) surface and arrange in ordered islands. In conclusion, the preferred
orientation of the thiophene belt may depend on the interaction format of each type of
metal.

Conclusions

Thiophene belts with a merged structure of recently emerging aromatic belts and
function-rich fused thiophenes have been successfully synthesized via sulfur-embedding
ring-to-belt transformations. The established synthetic routes to thiophene belts (1 and 2)
are reasonably short-step from readily available 2,2’,3,3’-tetrafluorobiphenyl (two steps for
1 and five steps for 2). Their unique structural features, such as unidirectional columnar
stacking with high dipole moment in crystals as well as in a just-evaporated sample, and
metal-dependent assembly on Au(111) and Cu(111) surfaces, as well as unique
photophysical properties, such as long-lifetime phosphorescence, were uncovered. In the
context of rather independent yet very exciting developments of aromatic belts and fused
thiophenes in the fields of structural organic chemistry and organic electronics, the
“merged” molecules (thiophene belts) with significantly unique properties discovered in
this study have the potential to stimulate a range of applications in various fields, such as
single-molecule electronics, supramolecular materials, photovoltaics, and triplet-triplet
annihilation upconversion. While we demonstrated the synthesis of cone-shaped
thiophene belts in this study, we believe that the present ring-to-belt transformation
strategy would enable access to other thiophene belts with different topologies as well as
other heteroatom-embedded aromatic belts. These synthetic and application-oriented
campaigns will lead to significant breakthroughs in the science and technology of aromatic
belts.
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Supporting Information:

Materials and methods, experimental procedures, photophysical studies, NMR specitra,
and computational details are available in the Supporting Information or from the
corresponding authors upon request. The crystallographic data for compounds 1 and 2
are available free of charge from the Cambridge Crystallographic Data Centre under
CCDC identifiers 2373105-2373107 (www.ccdc.cam.ac.uk/structures/). STM simulations
have been carried out using computational and data resources provided by the Leibniz
Supercomputing Center (www.Irz.de).
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