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ABSTRACT: Multifunctional 7-expanded macrocyclic oligothio-  Switching Behavior 2D Network Biradical
Cation

phene 6-mer 1, as well as 9- (2) and 12-mers (3), was synthesized

using a McMurry coupling reaction as the key step. The 6-mer 1

was converted to cyclo[6](2,5-thienylene-ethynylene) (4) by using

a bromination—dehydrobromination procedure. From X-ray anal-

ysis, the crystal structures of nonplanar 1 and round-shaped 2 and 4 | Sl

were elucidated. STM showed that 4 formed a self-assembled { == % @Q
monolayer at the liquid/solid interface to produce a hexagonal \__——- \;’-

porous network. Chemical oxidation of 1, 2, and 4 with 1 and 2

equiv of Fe(ClO,); produced 1°* and 1?*, 2°* and 2**, and 4°* and 4", respectively. Although oligothiophene radical cations
containing f3,$-disubstituted thiophenes usually do not form z-dimers, 4°" clearly formed a z-dimer owing to its planar, round
shape. As for the dications of 1, 2, and 4, 1%*, which has 347-electrons, exhibited a large diatropic ring current effect, whereas 34z
dication 4** only showed a medium diatropic ring current effect. In contrast to 1>* and 4**, 527 dication 2** had biradical cationic
character instead of Hiickel-type cyclic conjugation. Interestingly, 6-mer 1 showed polymorphism and unusual melting point
behavior due to the number of stable conformations in the solid state. Single crystals of 1 melted at 176 °C, whereas an
amorphous film of 1 crystallized in the temperature range of 80—83 °C to form a lamellarly stacked microcrystalline film, which
melted at 139 °C. The polymorphism of 1 was applied to either fluorescence switching or switching of field effect transistor
(FET) activity and electrical conductivity.

B INTRODUCTION perturbation of terminal substituents.”'® In addition, fully 7-
The study of fully conjugated cyclic oligomers with precisely conjugated redox-active macrocycles with well-defined shapes
defined diameters has become an important tool for providing have potential applications as switches, etc, in organic
specific information on structural, electronic, and optical electronics.""'? Because these macrocycles change their charge
properties, especially in relation to “inner” and “outer” and shape upon reduction or oxidation, the site-specific

domains. ™ Macrocyclic structures with shape-persistent, non-
collapsible, and fully 7-conjugated backbones can assemble into
columnar one-dimensional (1D) nanotubes,>* two-dimensional
(2D) porous networks, and lamellar alignments on surfaces,*°
and three-dimensional (3D) inclusion complexes in the solid

character of macrocycles can be adjusted at both their inner
and outer sites. Although polymorphism of functional macro-
cycles has not yet been fully elucidated owing to the lack of
suitable examples,® nanostructured polymorphs can be

state (Figure 1).”® Furthermore, macrocycles are regarded as employed in a wide range of applications."*
infinite 77-conjugated systems with an inner cavity, and these 7-

systems have attracted considerable attention due to their Received: October 3, 2013

unique optical and electronic behaviors with or without the Published: January 16, 2014
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Figure 1. Possible supramolecular nanostructures of (a) 1D-, (b) 2D-,
and (c) 3D-alignments of conjugated macrocycles.

Fully conjugated macrocycles were first widely investigated in
the early 1960s mainly to validate theoretical calculations on
annulenes with a maximum of 34s-electrons based on the
Hiickel rule.'>'® Recently, we have described the synthesis of a
series of giant annulenes composed of thiophene, acetylene,
and ethylene building blocks.'” Although these macrocycles can
be regarded as 607—2167z annulenes without Hiickel-type cyclic
conjugation, the longest absorption maxima (4,,,,) in the UV—
vis spectra of 607—216s-electron systems redshift with an
increase in the ring size, indicating full conjugation of the ring.
This macrocyclic conju§ation gives rise to optical and electronic
properties in solution.”” Moreover, macrocycles form various
nanostructures depending on their conformation and flexibility,
and thus their mesophases exhibit unique functional behaviors
in the solid state.'®

Although both fully conjugated nanosized shape-persistent
and flexible macrocycles are fundamentally important due to
their novel structures, properties, and functions, large macro-
cycles are ideal molecules for the observation of single
molecules, single-molecule manipulation, and single-molecule
electronics.'”” We have been interested in nanostructured 1D,
2D, and 3D assemblies of conjugated macrocycles not only
because the nanostructures of huge molecules can be easily
detected but also because giant macrocycles stabilize meso-
phases to produce various nanostructured polymorphs. To
investigate the relationship between the morphology and the
solid-state properties of macrocycles and between the cyclic
conjugation and ring size, we synthesized medium-sized
macrocycles with weak Hiickel-type or without Hiickel-type
cyclic conjugation. Herein we report on the interesting
polymorphism, fluorescence switching, field effect transistor
(FET) properties, and electrical conductivity of medium-sized
macrocycles.

B RESULTS

Synthesis. In general, repeated and thus monotonous
synthetic procedures are essential for forming cyclic structures.
Recently, however, many practical methods for the synthesis of
macrocycles have been developed.”® In this regard, molecular
design and synthesis are key issues for constructing complex
organic materials. Although some cyclic oligothiophenes have
been synthesized by using the McMurry reaction,”" we have
recently found that giant macrocycles with a molecular size of
>80 A can be constructed by using a similar McMurry
reaction.'” Our preliminary experiments have shown that
intramolecular pinacol coupling of 5 with a low-valent
vanadium complex produces the corresponding cyclic 6-mer
diol 6. However, a Corey—Winter reaction of the diol does not
yield 7 (Scheme 1).**** Therefore, we prepared the
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oligothiophene 6-mer using a McMurry reaction of dialdehyde
8.

Scheme 1. Pinacol Coupling of 5 with Low-Valent Vanadium
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The syntheses of oligothiophene 6-mer 1 and the related
higher oligomers 2 and 3 were carried out by using a modified
McMurry reaction, as shown in Scheme 2. Reaction of

Scheme 2. Synthesis of 7-Expanded Cyclic Oligothiophenes
1-3 and 4 Starting from Trithiophene-dialdehyde 8
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trithiophene-dialdehyde 8 with a low-valent titanium reagent
generated from TiCl, and activated zinc in the presence of
pyridine in THF proceeded smoothly to mainly produce cyclic
dimer 1 (35%) together with cyclic trimer 2 (5.5%) and cyclic
tetramer 3 (1.5%).** Although the formation of a small amount
of cyclic pentamer 13 was observed by using laser desorption
ionization time-of-flight mass spectrometry (LDI-TOF-MS), no
linear di-, tri-, tetra-, or pentamers were isolated from the
reaction mixture; however, higher polymers were isolated.
Using this reaction, 1 was synthesized in 26% overall yield
starting from easily prepared 3,4-dibutylthiophene on a gram
scale. Cyclic dimer 1 was converted to cyclo[6](3,4-dibutyl-2,5-
thienylene-ethynylene) 4 by using a bromination—dehydro-
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bromination procedure (45%). All compounds are stable red
crystalline or amorphous powders and can be stored in air at
room temperature for more than 1 year.

Molecular and Surface Structures. Single crystals of 1
were obtained by recrystallization from CH,Cl,/ethyl acetate,
and its structure was determined by using X-ray analysis
(Figure 2). DFT calculations on unsubstituted 6-mer 9

(b)

Figure 2. (a) ORTEP diagram of 1. Torsion angle: S(2)—C(10)—
C(11)—C(12) 59.49(19)°, C(11)—C(12)—C(13)-S(3) 6.5(3)°. (b)
Butyl groups of 1 located above and below the macrocycle ring (light
blue) in the neighboring ring (green). Thermal ellipsoids are at 50%
probability. H atoms are omitted for clarity.

predicted a ?Ianar structure (Figure S14a, Supporting
Information).”> However, 1 lies on a crystallographic center
of symmetry (Figure 2a), and the macroring adopts a nonplanar
twisted conformation, although the two central thiophene rings
(S(1)—-C(1)-C(2)-C(3)-C(4) and S(1)*—C(1)*—C(2)*-
C(3)*—C(4)*) are almost coplanar. The S(1)--S(1)* and
S(2)--S(3) distances are 5.8272(16) A and 3.2456(12) A,
respectively, and the latter is much shorter than the sum of S---S
van der Waals radii (3.70 A).° In the molecular packing of 1,
one set of butyl groups lie above and below the ring, filling the
pore of the neighboring ring,” and the other set of butyl
groups are arranged laterally without intermolecular inter-
actions (Figure 2b). Therefore, there are no significant
intermolecular 7—7 interactions between the thiophenes of 1.
In contrast to the crystal structure of 1, variable temperature
(VT) 'H NMR spectroscopy in CDCl; indicated that the
structure was D,,-symmetric, and there were no spectral
changes at low temperature (Figure S18, Supporting
Information).?®

The molecular structure of 2 was also elucidated by using X-
ray crystallographic analysis and DFT calculations (Figure Sl4c,
Supporting Information). The peripheral butyl groups were
disordered due to molecular motion even at very low
temperature (Figure 3a). 2 was found to have a large #-
framework with an approximately planar round shape and S-S
distances in the range of 16—17 A. In the molecular packing
(Figure 3b,c), the four butyl groups sticking out of the
macroring are located above or below the ring inside the
neighboring ring, filling the cavity of 2. The nearly circular
structure was in reasonable agreement with the optimized
structure of 10 obtained from DFT calculations (for 10, Figure
Sl4c, Supporting Information).

In contrast to 1 and 2, 4 crystallized with a hexane molecule
located in the center of the cavity (Figure 3d). The ring has a
crystallographic inversion center at the center of the macro-
cycle. As shown in Figure 3d,e, the #-framework of 4 is fairly
planar and circular in shape. The averaged S(1)--S(1*), S(2)---
S(2%*), and S(3)--S(3*) distances were found to be 9.85 A,
which is considerably close to the corresponding calculated
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Figure 3. (a) ORTEP diagram and (b) crystal packing of 2. (c) The
four butyl groups sticking out of the neighboring four macrorings
(yellow) locate in the central macroring (gray). (d) ORTEP diagram
and (e) packing structure of 4. A disordered hexane molecule is
located in the center of the macroring. Thermal ellipsoids are at 10%
probability for 2 and 30% probability for 4. H atoms are omitted for
clarity.

value of 9.88 A in 12 with a Cg, structure (Figure Sl4e,
Supporting Information).

Scanning tunneling microscopy (STM) revealed that planar
4 self-assembled into a monolayer at the liquid/solid interface.
An STM image of the monolayer of 4 at the 1-phenyloctane/
graphite interface is shown in Figure 4a. In the STM image,

Figure 4. (a) STM image of monolayer of macrocycle 4 at a 1-
phenyloctane/graphite interface (I, = 0.25 nA, Vi, = —0.56 V). (b)
Tentative network model in which a = b = 2.44 nm and y = 60°.

aromatic moieties showed high tunneling efficiency, allowing
straightforward interpretation of the bright/dark contrast
patterns in the image.”” In other words, the bright hexagonal
features corresponded to 7-electron conjugated cores, agreeing
with the molecular size. The short butyl groups could not be
fully resolved. Each molecule is packed hexagonally. The
experimentally obtained unit cell parameters were a =b =2.3 +
0.2 nm and y = 59 + 2°. A model reflecting the molecular
ordering according to the hexagonal packing is shown in Figure
4b. All molecules have the same orientation, and the short alkyl
chains most likely occupy the gap between adjacent 7-cores.
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Journal of the American Chemical Society

The structure of the monolayers formed from a 1-octanoic acid
solution of the macrocycle were also hexagonally packed, which
is identical to that observed at the 1-phenyloctane/graphite
interface. Although the butyl chains are not resolved, they most
likely pack each other to fill the space between the macrocycle
(Figure 4b), thus stabilizing the face-on geometry. '"H NMR
spectra of 0.5 mM, 1 mM, and 5 mM solutions of 4 in CD,Cl,
at =5 °C showed no spectral changes, indicating that there
were no 7—n stacking interactions in the CD,CIl, solutions
(Figure S19, Supporting Information). Consistently, the
formation of an edge-on structure®® or a second adsorbate
layer,®" which are observed for substrates that tend to stack
each other, was not observed in the case of 4.
Electrochemistry. In general, oligothiophenes are relatively
easy to oxidize because of their high HOMO levels. In the
cyclic voltammograms (CVs) of 1—4 (Figure S1S, Supporting
Information), reversible waves corresponding to first and
second oxidation processes were observed at low potentials,
which is consistent with other oligothiophenes (Table 1).

Table 1. Oxidation Potentials” of 1—4 and HOMO Levels of
Corresponding Unsubstituted Macrocycles 9—12

compd E™, (V) E*, (V) HOMO (eV)® HOMO (eV)*
1 0.33, 2e - —5.17 —4.70 for D,;,-9
2 027, le 0.56, le —5.11 —4.82 for Cy-10
3 0.27, 1e 0.56, le =S.11 —4.69 for Cy-11
4 0.34, le 0.59, le -5.18 —491 for Cg-12

“Determined from CVs under the following conditions: 0.1 M n-

Bu,NPFy in 1,2-dichloroethane, Ag/AgCl reference electrode, Pt disc

as working electrode, Pt wire as counter-electrode, 0.02 V s™!, 25 °C;

V vs F./F.*. "(HOMO energy value was deduced from the measured

E™ | 5. (HOMO level was estimated at the B3LYP/6-31G(d,p) level.
No second oxidation peak was observed.

Although 1 exhibited one two-electron oxidation due to weak
on-site-Coulombic repulsion between the positive charges and
aromatic stability of 1*, 2, 3, and 4 showed two one-electron
oxidations.”” The calculated HOMO levels of 9—12 at the
B3LYP/6-31G(d,p) level were slightly higher than the
estimated HOMO levels from the oxidation potentials of 1—
4 anscg the energy level of F./F.* couple to vacaum (—4.84
eV).

Chemical Oxidations of 1, 2, and 4. Considering that 1,
2, and 4 have low oxidation potentials and peripheral 36 (for 1
and 4) and 54 (for 2) m-elecrtrons,® they can be oxidized to
produce the corresponding stable cationic species. Before this
study, the effect of the ring size and shape of cyclic radical
cations on 7z-dimer formation was unknown. Furthermore,
cyclic dications can show Hiickel-type diamagnetic ring
currents or open-shell biradical cationic character, which leads
to unique optical and magnetic properties.>> Although 2 and 3
showed similar UV—vis spectra to the reported oligothiophene
10- and 12-mers,'” the UV—vis spectra of 1 and 2 exhibited
weak SO—S1 and strong SO—S2 absorptions (Figure S, and
Figure S16a, Supporting Information). When an orange
solution of 1 in CH,Cl,—CH,CN (9:1) was oxidized with 1
and 2 equiv of Fe(ClO,);*® dark brown and deep-blue
solutions of the radical cation 1°* and dication 1**, respectively,
were obtained. In the UV—vis—NIR spectrum of 1**, sharp,
intense absorptions were observed at 4., = 593 and 1185 nm
(Figure Sa), which is typical for dications with a closed shell
structure with no ESR signal,37’38 whereas in the UV—vis-NIR
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Figure 5. UV—vis-NIR spectra of (a) 1, 1**, and 1%, (b) 4, 4**, and
4%, and (c) 2, 2%, and 2*" in CH,CL—CH,CN (9:1) at 5 °C.
Concentration: 6.00 X 10~ mol L™'; oxidant: Fe(ClO,);; 1 mm
quartz cell.

spectrum of 1°%, a broad absorption centered at 1910 nm and
weak absorptions for 1** at A,,,, = 593 and 1185 nm (Figure Sa,
and Figure S20, Supporting Information) were observed
because 1" was easily oxidized to 1**, which agrees with the
CV data. Similarly, 4 was oxidized with 1 and 2 equiv of
Fe(ClO,); in CH,Cl,—CH;CN (9:1), which first afforded a
brown solution of the radical cation 4°* with 4, = 1480 and
1850 nm, followed by a bluish violet solution of the dication 4**
with A, at 593 and 1200 nm (Figure Sb, and Figure S22a,
Supporting Information).>® Temperature-dependent UV—vis—
NIR measurements on 4°" showed an increase in the band at
1480 nm (z-dimer absorption) and a decrease in the band at
1850 nm (monomer absorption) with a decrease in the
temperature (Figure S22b, Supporting Information). In
addition, the intensity of the ESR signal for 4°* at g = 2.0024
at 7 °C decreased with a decrease in the temperature, and the
peak disappeared at —93 °C (Figure S23, Supporting
Information). The spectral changes were completely reversible,
clearly indicating that a z-dimer of 4°* ((4°*),) formed. To the
best of our knowledge, no oligothiophene radical cations
containing f,f-disubstituted thiophene rings have been
reported to form a z-dimer even at low temperature due to
steric repulsion.39 Thus, (4°*), is the first example of a 7-dimer
of p,f-disubstituted thiophene oligomers. In the UV—vis—NIR
spectrum of dication 4%, sharp, intense absorptions at A, =
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592 and 1201 nm were observed (Figure Sb), and no ESR
signals were observed, indicating the formation of a closed shell
dication.

In contrast to the UV—vis—NIR spectra of 1** and 47*, the
spectrum of 2*" indicated biradical cationic character (Figure
Sc, and Figure S25, Supporting Information). Oxidation of 2
with 1 equiv of Fe(ClO,), in CH,Cl,—CH;CN (9:1) produced
a brown solution of 2*%, which showed a spectrum similar to
those of 1°" and 4°". However, very broad absorptions
(Alemgst = 1361 nm) were observed for doubly oxidized
violet 22, like that for the radical cation 2°*. Because the ESR
spectrum of 2°* (g = 2.0024 at 7 °C) is similar to that of 2** (g
= 2.0026 at 7 °C) (Figures S26 and S27, Supporting
Information), the biradical state of 2** is nearly equivalent to
that of two independent monoradicals having a small exchange
interaction. As for 2°%, the intensity of the ESR signal first
decreased with a decrease in the temperature down to —103 °C
(Figure S26, Supporting Information) and then increased again
at —113 °C,** and the UV—vis—NIR spectra of 2°** at 20 and
—20 °C were nearly the same (Figure S28a, Supporting
Information). Therefore, 2°" did not form a z-dimer
presumably due to weaker SOMO—-SOMO interactions in
the 537 radical cation 2°* than those in 337 radical cation 4°*.
In contrast to 1** and 4%*, 2** exhibited an ESR signal owing to
a thermally excited triplet state, and the signal remained even at
—113 °C. The ESR signals of 2°" and 2** were similar;
however, the peak-to-peak widths for 2°* and 2** at 7 °C were
3.32 and 4.59 G, respevtively. Furthermore, the UV—vis—NIR
spectra of 2** at 20 and —20 °C were similar (Figure S28b,
Supporting Information), although the & values were different.
The spectral results confirmed the presence of a biradical
cation. The amplitude of the biradical character of 10** was
calculated to be 99% by NOON (natural orbital occupation
number) analysis at the UB3LYP/6-31G(d,p) level.*!

In "H NMR spectra of 1**, which was prepared by oxidation
with 2 equiv of Fe(ClO,); at 0 °C, in CD,Cl,—CD;CN (9:1) at
—10 °C, the peak for the olefin proton of the 34m-electron
diamagnetic system was shifted downfield (6 13.69) (NICS(1)
(nucleus-independent chemical shift (1) = —16.1) from that of
atropic 1 (8 6.61) (NICS(1) = 0.91) (Figure S21, Supporting
Information).** On the other hand, the oxidation of 4 with 2
equiv of Fe(ClO,); in CD,CL,—CD,CN (9:1) afforded 4%,
which has weaker diamagnetic ring currents. In the '"H NMR
spectrum of 4** at —10 °C, the peak for the methylene protons
attached to thiophenes (§ 4.07) (NICS(1) = —15.6) were
moderately shifted downfield compared to the corresponding
protons of 4 (6 247) (NICS(1) = 0.68) (Figure S24,
Supporting Information). The chemical shifts of the corre-
sponding methylene protons of 1 and 1** were § 2.49—2.63 and
5.74—6.46, respectively. Restraint on the Hiickel-type dia-
magnetic ring currents of the macrocycles with an acetylene
linkage has been reported on dehydroannulenes (bond
localization effect).’® As expected from the ESR spectrum, in
"H NMR spectra of 2**, broad signals due to the radical species
were observed.

Polymorphism. The most interesting property of z-
expanded oligothiophenes reported here is the polymorphism
of 6-mer 1. As shown in Figure 6a, single crystals of 1
corresponding to the X-ray structure (Figure 2) melted at 176
°C in the first heating process (blue line, AH = 81.8 kJ mol "),
determined by using differential scanning calorimetry (DSC)
analysis (Figure $33, Supporting Information). When cooled to
room temperature, 1 formed an amorphous solid. However, in
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Figure 6. (a) DSC analysis of 1 (2 °C/min). The inset shows the
region S0 < T < 100 °C. (b) XRD pattern for a powder sample of 1
using the single crystal data. (c) XRD pattern for LC-1, indicating a
laterally ordered structure (d = 21.0 A) that rises 54° diagonally from
the aluminum plate used for the XRD analysis. In contrast, AF-1
showed no reflections (Figure S43a, Supporting Information).

the second heating process, 1 showed an exothermic process
(red line in the inset, AH = —39.8 k] mol™") at 80 °C to form
crystals that melted at 139 °C (AH = 53.9 kJ mol™") (Figure
S$34, Supporting Information),” and in the third heating
process, an exothermic process with a melt memory effect
(green line in the inset, AH = —37.9 kJ mol™') occurred at 83
°C to form crystals that melted again at 139 °C (AH = 50.8 kJ
mol™!) (inset). On the basis of the analysis of the exothermic
process by changing the heating and cooling rates, we
concluded that the difference of the exothermic temperature
(inset in Figure 6a) was due to the thickness of the sample on
the surface.** X-ray diffraction (XRD) patterns for the single
crystals and crystals melting at 139 °C were completely
different (Figure 6b,c). As shown in Figure 6c, crystals melting
at 139 °C consisted of lamellarly aligned molecules of 1 (LC-1)
on the glass and metal surfaces.*® Thus, 1 has three solid-state
structures: single crystal, lamellar film, and amorphous film
(AF-1). This polymorphism was only observed for 1 due to the
number of stable conformations in the solid state, whereas the
cast films of 2, 3, and 4 formed amorphous solids and exhibited
decomposition without showing a melting point.*® Because
crystal structures should be ordered in the crystal lattice, 1
adopts a twisted structure in the single crystal. However, the
formation of an edge-on structure is favorable on the surface
through #—n stacking interaction, and consequently, we
assumed that 1 adopts a lamellarly aligned structure on the
glass and metal surfaces.””

Polymorphs of 1 have different optical and electronic
properties.” In Table 2, absorption and emission spectra,
XRD reflections, FET behavior, and electrical conductivity of
AF-1 and LC-1 on the surfaces of glass and metal plates are
summarized. The absorption and emission spectra of LC-1
were red-shifted compared to those of AF-1 due to an increase
in the z—x interactions (Figure 7a, Figures S37 and $38,
Supporting Information). The colors of AF-1 and LC-1 are
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Table 2. Optical and Electronic Properties of Amorphous
Films (AF-1) and Lamellarly Aligned Microcrystals (LC-1)
of 1 on the Surface of Glass and Metal Plates

AF-1 LC-1
418, 425%, 510%

674 (®p < 0.5%)

384
607 (®p = 1.3%)

absorption (nm)*

emission (nm, @F)b

XRD (20, deg) 42,84

FET (y, cm?> V™' s71) —d 2.8 x 107
conductivity (6, S em™)® 2.6 x 1071 4.0 x 1077
after I,-doping (c) 2.5 % 107 1.1 x 1072

“Asterisk indicates a shoulder. “Absolute fluorescence quantum yield.
“No reflection was observed. “No FET property was observed.
“Electrical conductivity measured by a two-probe method at room
temperature. “Doped with saturated I, vapor for 1-2 min and
measured by using a two-probe method at room temperature.

>139 °C

Amorphous film

Lamellar crystals

(e)

(b) . (C) . (d)

Figure 7. (a) Schematic representation of the polymorphism of
amorphous film AF-1 and lamellarly stacked crystalline film LC-1 on
substrate surfaces. (b) The color of AF-1, (c) the color of AF-1 under
UV-light irradiation (4 = 254 nm), (d) the color of LC-1, and (e) the
color of LC-1 under UV-light irradiation (4 = 254 nm).

orange and reddish orange, respectively (Figure 7b,d),
consistent with the absorption spectra. The colors of AF-1
and LC-1 under UV-light (1 = 254 nm) were also different
(Figure 7ce), and AF-1 fluoresced, whereas LC-1 only
exhibited weak emission. The 7—x stacked structure of LC-1
showed FET properties (4 = 2.8 X 107> ecm®> V™' s, I, /1.4 =
10* and V;, = —4.7 V) and an increased conductivity (o, = 4.0
X 1077 Sem™") compared with that of AF-1 (6, = 2.6 X 107'° S
cm™'). Furthermore, after doping with iodine, the conductiv-
ities of AF-1 and LC-1 (2.5 X 107> and 1.1 X 1072 Scm™},
respectively) were higher than those of the corresponding
neutral films, and the conductivity of doped LC-1 was 440-
times higher than that of doped AF-1.

The polymorphism and unusual melting point behavior of 1
can be used in the design of molecular switches. AF-1 on a
quartz plate had a fluorescent, amorphous morphology (Figure
7c). When the film was heated at 100 °C for 10 min,
crystallization occurred to produce weakly fluorescent LC-1
(Figure 7e). LC-1 could be converted to AF-1 by heating above
the melting point (139 °C). AF-1 fluoresced with A, = 607
nm and showed very low conductivity and no FET properties
due to its lack of 7—x stacked thiophene units. On the other
hand, LC-1 weakly fluoresced with 4., = 674 nm and showed
an increased conductivity and FET properties due to its J-
aggregated structure.”® Strikingly, the conversion between AF-1
and LC-1 could be repeated several times by heating either at
100 °C for 10 min or above melting point, as shown in Figure 8
and Figure S39, Supporting Information. After five cycles, there
was no change in the intensity of the emissions at 550 and 750
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Figure 8. Normalized relative emission intensities of AF-1 and LC-1
measured at S50 nm (solid line) and 750 nm (dotted line),
respectively, at 23 °C. After heating above the melting point (139
°C), the emissions at 550 and 750 nm were measured at n =1, 3, S, 7,
9, and 11, and after heating at 100 °C for 10 min, the emissions at S50
and 750 nm were measured for n = 2, 4, 6, 8, 10, and 12.

nm. Moreover, FET properties and conductivity of the AF-1
and LC-1 states could be reproduced several times without
attenuation of the ON/OFF ratio of the FET properties and
conductivity. Furthermore, the iodine adsorption/desorption
behavior of AF-1 and LC-1 led to a reversible change in the
electrical conductivity, meaning that the conductivity could be
switched between those of AF-1 and LC-1 repeatedly.

H CONCLUSION

In summary, the medium-sized macrocyclic oligothiophene 6-
mer 1 was synthesized together with small amounts of 9-mer 2
and 12-mer 3 by cyclization of thiophene-dialdehyde 8 with a
low-valent titanium reagent, and the bromination—dehydro-
bromination procedure of 1 produced cyclo[6](3,4-dibutyl-2,5-
thienylene-ethynylene) 4. X-ray analysis of 1, 2, and 4 showed
that 1 adopted a nonplanar twisted elliptical structure, and 2
and 4 had planar round shapes. In the crystal of 4, a disordered
hexane occupied the center of the cavity, whereas the cavities of
1 and 2 were filled by the butyl groups of the neighboring
macrorings. STM revealed that hexagonal 4 formed a self-
assembled monolayer at the liquid/solid interface to produce a
hexagonal porous network. The HOMO levels of 1, 2, and 4
are high in energy, and thus, they have low oxidation potentials.
In other words, 1, 2, and 4 could be chemically oxidized with 1
and 2 equiv Fe(ClO,),, affording the corresponding radical
cations 1°%, 2°%, and 4" and dicatons 1%, 2%, and 4*.
Although 1°* rapidly oxidized to 1?*, 2** and 4°* could be
characterized spectroscopically. Temperature-dependent ESR
and UV—vis-NIR spectroscopies revealed that 4°" formed 7-
dimer at low temperatures, whereas 2** did not. (4°*), is the
first example of a 7-dimer generated from p,3-disubstituted
thiophene oligomers. 1 and 4 maintained Hiickel-type cyclic
conjugation and formed closed-shell 347 dications 1** and 4**,
both of which showed fairly large diamagnetic ring currents. In
contrast, 9-mer 2 produced non-Hiickel-type dication 2%,
which consists of two radical cations. NOON analysis at the
UB3LYP/6-31G(d,p) level confirmed that the radical cation
pair structure was more stable than that of the closed-shell 527
dication. Unlike 2 and 4, 1 exhibited polymorphism in the solid
state. Although 1 formed single crystals from CH,Cl,—ethyl
acetate, the crystals melted at 176 °C to produce an amorphous
film (AF-1) at room temperature, affording a lamellarly aligned
microcrystalline structure (LC-1) at 80 °C, which melted at
139 °C. These three solid phases of 1 showed different
functional properties, and the thermally reversible interconver-
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sion between AF-1 and LC-1 was studied from the viewpoint of
on/oft fluorescence, FET behavior, and conductivity experi-
ments. Furthermore, I, doping caused the conductivity of AF-1
and LC-1 to increase, and the conductivity of the I,-doped LC-
1 (6, =1.1x 107> S cm™") was 440-times higher than that of
the I,-doped AF-1.
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