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ABSTRACT: Two isomers of a multifunctional 7-expanded
macrocyclic oligothiophene 8-mer, E,E-1 and Z,Z-1, were
synthesized using a McMurry coupling of a dialdehyde
composed of four 2,5-thienylene and three ethynylene units
under high dilution conditions. On the other hand, cyclo[8]-
(2,5-thienylene-ethynylene) 2 was synthesized by intramolec-
ular Sonogashira cyclization of ethynyl bromide S. From STM
measurements, both E,E-1 and Z,Z-1 formed self-assembled
monolayers at the solid—liquid interface to produce porous
networks, and from X-ray analyses of E,E-1 and 2, both
compounds had a round shape with a honeycomb stacked
structure. E,E-1 formed various fibrous polymorphs due to
nanophase separation of the macrorings. E,E-1 and Z,Z-1 in
solution exhibited photochromism upon irradiation with visible

Photoisomerization
UV.

and UV light, respectively, and this photoisomerization was confirmed by using STM. Furthermore, amorphous films of Z,Z-1
and E,E-1 showed photoisomerization, although single crystals, fibers, and square tubes of E,E-1 remained unchanged under
similar conditions. E,E-1 with a 12.5—14.7 A inner cavity incorporated fullerene Cg, in the cavity in solution and the solid state to
produce a Saturn-like complex, whose structure was determined by X-ray analysis. 2 also formed a Saturn-like complex with Cg,
in the solid state. These Saturn-like complexes are stabilized by van der Waals interactions between the sulfur atoms of 8-mer and
Cgo- The complexes exhibited charge-transfer interactions in the solid state. Like E,E-1, Saturn-like complex E,E-1DCy, formed
small cube and fiber structures depending on the solvent used, whereas those of Saturn-like complex 22Cy, were limited due to

the rigidity of the macroring of 2.

B INTRODUCTION

Cyclic benzenoid and nonbenzenoid conjugated molecules
have important roles in chemical sciences.' Several fully
conjugated cyclic molecules have been developed to investigate
cyclic conjugation in relation to the Hiickel rule,” to examine
three-dimensional conjugation in belt-shaped molecules,® and
recently to create molecular machines, sensors, and switches
utilizing their electric and optical properties.* Among all of the
different conjugated cyclic molecules, fully conjugated macro-
cycles with precisely defined diameters are regarded as being
formally infinite 7-conjugated systems with inner cavities and
outer territories.”” Several macrocycles have inner cavities
suitable for including small molecules and metal ions,® whereas
only a few macrocycles have round-shaped inner cavities of 10—
11 A, which can incorporate large molecules, such as fullerene
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Cgo or C,. Following the pioneering study involving the
complexation of fullerenes with azacrowns and y-cyclodextrin,”
various stable complexes of fullerenes with macrocycles have
been reported.>' In the case of giant macrocycles with cavities
> 12 A, the flexibility of the macrocycles increases and the
cavity size becomes too large to incorporate molecules.'
Recently, we constructed macrocyclic oligothiophenes with
thiophene, acetylene, and ethylene building blocks.!** We
found that the morphology of these macrocyclic oligothio-
phenes was dependent on the ring size to produce single
crystals (cavity size 20 A), fibrous materials (cavity size 30—40
A), and microsized powders (cavity size > 50 A), although their
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i, 11
molecular compositions were the same. * Subsequently, we

noticed that giant macrocyclic oligothiophenes showed very
large two-photon absorption cross sections."'® In contrast to
giant macrocyclic oligothiophenes, medium-sized rings con-
taining 6—8 thiophene units often exhibit attractive properties
due to various mesophases. Quite recently, we found that the
34r-dication of the macrocyclic oligothiophene 6-mer has
aromatic cyclic conjugation, whereas the 52z-dication of the
macrocyclic oligothiophene 9-mer is nonaromatic and has a
bis(radical—cation) structure.'’® Furthermore, macrocyclic
oligothiophene 6-mer shows polymorphism because it has
many stable conformations in the solid state due to stabilization
from 7m—n stacking interactions in the planar structure and
destabilization from interatomic repulsions in the inner cavity
of the macrocycle. We utilized this polymorphism in switching
of FET activity and electrical conductivity and fluorescence
switching.

In contrast to the known macrocyclic oligothiophenes, cyclic
oligothiophene 8-mer 1, which has eight thiophene, six
acetylene, and two ethylene building blocks, should have an
inner cavity of 10—15 A on the basis of MO calculations.
Furthermore, 1 has two §e0metrical isomers E,E-1 and Z,Z-1
with similar energy levels, 3 and E,E-1, which is more stable, has
a 12.6—14.7 A inner cavity that can incorporate Cg, inside to
form an inclusion complex. At the same time, we believed that
cyclo[8](2,5-thienylene-ethynylene) 2 with eight thiophene
and eight acetylene building blocks should exhibit similar
structural and inclusion properties. Thus, we synthesized cyclic
oligothiophene 8-mers 1 and 2 and found that 1 exhibited
photochromic behavior between E,E-1 and Z,Z-1 in solution
and the solid state and at the solid—liquid interface. In contrast
to the known Cg, complexes with triangular,'* square,"® and
belt-shaped macrocycles,'® E,E-1 and 2 incorporated Cy in the
cavity to produce Saturn-like complexes. In this paper, we
investigated the morphology and photochromic behavior of
cyclic oligothiophene 8-mers 1 and 2 and determined the
properties of the Saturn-like complexes E,E-1DCg, and 2DCy,.

Figure 1. EE-1, Z,Z-1, and 2.

B RESULTS

Synthesis. To synthesize 1, we employed a McMurry

. a7 .
coupling reaction ’ involving 3 composed of four 2,5-
thienylene and three ethynylene units under high-dilution
conditions in the dark to produce Z,Z-1 (35%) and E,E-1 (1%)
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with a trace amount of the corresponding 12-mer 4 (Scheme
1).'8 Although E,E-1 is more stable than Z,Z-1,"® the reaction

Scheme 1. Synthesis of 1 and 2
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mainly afforded Z,Z-1 as a kinetic product, reflecting the
stereochemistry of the bis(erythro-diol) intermediate. In
contrast, cyclo[8](3,4-dibutyl-2,5-thienylene-ethynylene) 2
was synthesized by intramolecular Sonogashira cyclization of
linear ethynyl bromide § composed of eight 2,5-thienylene and
seven ethynylene core units (14%). Furthermore, bromination
of EE-1 and ZZ-1, followed by dehydrobromination with
potassium tert-butoxide, produced cyclo[8](3,4-dibutyl-2,5-
thienylene-ethynylene) 2 in 21% overall yield.'” EE-1 and
Z,Z-1 are stable red crystalline or amorphous powders and
soluble in common organic solvents, except for methanol. E,E-1
easily isomerizes to ZZ-1 in ambient light, whereas Z,Z-1
slowly isomerizes to EE-1 under UV irradiation (photo-
chromism).

Structures of EE-1 and 2. Single crystals of E,E-1 were
obtained by recrystallization from hot benzene, and its structure
was determined by using X-ray analysis. As shown in Figure 2a,
E,E-1 has a round structure and lies on a crystallographic center
of symmetry. Although DFT calculations on unsubstituted E,E-
1 predicted a planar structure,”’ the macroring adopts a
nonplanar zigzag conformation (Figure 2b).%° In the molecular
packing, E,E-1 forms a honeycomb, columnar structure and the
butyl groups lie above and below the ring, filling the inner
cavity of the neighboring rings. The short intermolecular C---C
contacts of <3.83 A between the stacked EE-1 in the crystal
packing are 3.575(7) A for C(14)--C(15), 3.762(8) A for
C(13)--C(16), and 3.826(6) A for C(3)---C(12) (Figure 2c).

Single crystals of 2 were obtained by recrystallization from
hot benzene. The cell parameters of 2 are similar to those of
E,E-1, indicating that 2 has similar crystal and packing
structures to those of 1. Although the results of DFT
calculations on unsubstituted 2 indicate that it has a round,
planar structure with Dg, symmetry,”" it adopts a slightly
twisted oval structure and the maximum atomic deviation from
the least-squares plane of the macroring, excluding the butyl
groups, was determined to be 0.0891 A (Figure 3a and 3b). The
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Figure 2. (a) Top view and (b) side view of an ORTEP diagram of
E,E-1. Interatomic distances (A): S(1)---S(1)* 12.907(2), S(2)---S(2)*
14.486(2), S(3)--S(3)* 14.464(2), S(4)---S(4)* 13.501(2). Thermal
ellipsoids are at 50% probability. (c) Packing structure and
intermolecular C--C distances (A) (butyl groups are omitted for
clarity): (i) C(14)--C(15) 3.575(7), (ii) C(13)---C(16) 3.762(8), (iii)
C(2)--C(12) 4.014(7), (iv) C(3)--C(12) 3.826(6).

Figure 3. (a) Top view and (b) side view of an ORTEP diagram of 2.
Interatomic distances (A): S(1)—S(1)* 13.021(3), S(2)-S(2)*
15.377(3), S(3)=S(3)* 14.905(3), S(4)—=S(4)* 12.607(2). Thermal
ellipsoids are at 50% probability. (c) Packing structure and
intermolecular distances (A) (butyl groups are omitted for clarity):
(i) C(14)---C(15) 3.442(6), (ii) C(13)--C(16) 3.431(7), (iii) C(2)--
C(12) 3.638(7), (iv) C(3)--C(12) 3.728(6).

C--C contacts shorter than 3.8 A between the stacked
molecules are 3.442(6), 3.431(7), 3.638(7), and 3.728(6) A
for C(14)--C(15), C(13)---C(16), C(2)--C(12), and C(3)--
C(12), respectively (Figure 3c). The planarity of 2 facilitates
the short C---C contacts among the stacked molecules.

The results of DFT calculations on unsubstituted E,E-1 and 2
indicate that these 8-mers adopt an exactly planar structure,
although X-ray single-crystal analysis of E,E-1 and 2 shows
slightly bent structures of the macrorings. It is noteworthy that
macrocyclic oligothiophenes adopt an essentially planar
structure,'’ whereas cycloparaphenylenes (CPPs) adopt a
cylindrical form composed of distorted benzene rings.6 The
macrorings of EE-1 and 2 are more strained than the related
10- and 12-mer;*'! however, the ring strains in E,E-1 and 2 are
released by bending ethynylene linkages.”> The averaged bend
angles of Csp—Csp—Csp” in EE-1 and 2 are 172.62° and
174.95°, respectively, and 2,5-thienylene units show almost no
strained structures.”®

Fibrous polymorphs of E,E-1 precipitated from solution,
indicating a conformationally restricted macrocyclic structure,
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which stabilizes various mesophases. As shown in Figure 4,

fibers, rods, and square tubes of EE-1 precipitated from

Figure 4. Optical images of (a) fibers from hexane/benzene, (b) rods
from CHCl,, and (c) square tubes from benzene/IPE. (d) SEM image
of the square tube of EE-1.

hexane/benzene (Figure 4a), chloroform (Figure 4b), and
benzene/diisopropyl ether (IPE) (Figure 4c and 4d),
respectively, without incorporating solvents. The X-ray
diffraction (XRD) patterns for the fibers (Figure Sa)
corresponded to those for 1-D structures, whereas the XRD
patterns for the rods (Figure Sb) and square tubes (Figure Sc
and 5d) indicated microcrystalline structures.
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Figure 5. XRD patterns for the (a) fibers, (b) rods, and (c) square
tubes on Al plates and (d) a powder sample using the single-crystal
data for EE-1.

Unlike E,E-1, 2 only formed cubic single crystals from hot
benzene, small rods from benzene, and an amorphous film from
THE and CS,. The XRD patterns for the small rods were
similar to those for the single crystals, indicating that they have
similar packing structures (Figures S19 and S20, Supporting
Information). The rigid planar structure of 2 regulates the
morphology.

Photoisomerization between EE-1 and Z,Z-1. As
described above, in solution, E,E-1 and Z,Z-1 isomerized to
Z,Z-1 and E,E-1, respectively, by irradiation. As shown in Figure
6, EEE-1 and Z,Z-1 exhibit different UV—vis spectra. In other
words, irradiation of orange solutions of E,E-1 in cyclohexane,
CHCI,, toluene, and benzene with green light (4 = 525 nm)
produced Z,Z-1 nearly quantitatively (Scheme 1). On the other
hand, irradiation of a yellow solution of Z,Z-1 in cyclohexane
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Figure 6. Absorption and emission spectra of EE-1 and ZZ-1 in
cyclohexane at 25 °C.

with UV light (4 = 365 nm) produced E,E-1 in 96% yield with a
trace amount of EZ-1** Only EE-1 crystallized from the
solution. In summary, 1 exhibited reversible photochromic
behavior between two geometric isomers in solution.

As noted above, Z,Z-1 produced no crystals from common
organic solvents but formed an amorphous film on glass and
metal surfaces. Moreover, the amorphous film of Z,Z-1 (film A)
photoisomerized almost quantitatively to the amorphous film of
EE-1 (film B) by irradiation with UV light at 365 nm (Figure
7a—c), although the amorphous film of EE-1 could not be
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Figure 7. Photoisomerization of amorphous films of (a) Z,Z-1 and (b)
EE-1. (c) Switching of normalized relative absorption intensities of
amorphous films of ZZ-1 and EE-1. (d) Absorption spectra of
amorphous films of Z,Z-1 and EE-1.

prepared from solutions of E,E-1. Photoisomerization of film B
at 480 nm afforded the amorphous film of Z,Z-1 (film C) in ca.
60% yield (Figure 7d), whereas single crystals, fibers, and
square tubes of E,E-1 remained unchanged under similar
conditions.

Monolayer Structures of EE-1 and ZZ-1. Scanning
tunneling microscope (STM) images at the solid—liquid
interface™? were acquired using a custom-made STM with
an Omicron controller (Figure 8). Octanoic acid solutions of
E,E-1 and Z,Z-1 with concentrations in the range of 10—20 mg/
L were applied to the basal plane of freshly cleaved, highly
oriented pyrolytic graphite (HOPG), and images were acquired
using tips of mechanically cut Pt/Ir wires. Images were
corrected with respect to the hexagonal HOPG lattice with
SPIP (Image Metrology A/S) image processing software. STM
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Figure 8. STM height images of a hexagonal network of (a) E,E-1, unit
cell: a = (2.97 + 0.03) nm, b = (2.95 + 0.03) nm, & = (59 = 3)°, U, =
1.12V, I, = 58 pA, (b) energy minimized structure (B3LYP/6-31G) of
E,E-1 superimposed on top of the moiety marked in (a), (c) Z,Z-1,
unit cell: a = (2.83 £ 0.11) nm, b = (2.83 + 0.09) nm, § = (60 + 1)°,
U, = 1.14 V, I, = 57 pA, (d) energy minimized structure (B3LYP/6-
31G) of Z,Z-1 superimposed on top of the moiety marked in (c).

height images of E,E-1 and Z,Z-1 are shown in Figure 8a and
8c. Both E,E-1 and Z,Z-1 self-assembled in a hexagonal close-
packed monolayer, and the unit cell parameters for the EE-1
structure were larger than those for Z,Z-1. In both images the
high-contrast moieties corresponded to the 7z-electron core of
the macrocycles, and due to a large energy difference, the alkyl
chains appeared darker and were not fully resolved.”” The
contrasts of the moieties assigned to the macrocycle core were
consistent with the optimized DFT structures, as shown in
Figure 8b and 8d: E,E-1 appeared as a circular contour, whereas
Z,Z-1 appeared as two lobes, closely resembling its ellipsoidal
structure. Photoisomerization of Z,Z-1 to E,E-1 and E,E-1 to
Z,Z-1 upon irradiation at 365 and 550 nm, respectively, was
observed at the solid—liquid interface using the STM. These
results will be analyzed in more detail in a further publication.

Electrochemistry. Since cyclic oligothiophenes have
relatively high-lying HOMO and HOMO—1 levels, they exhibit
multioxidation processes. In the cyclic voltammogram (CV) of
E,E-1 (Figure 9a and Table 1), reversible waves corresponding
to four one-electron oxidation processes (E;/,: 0.22, 0.38, 0.6S,
and 0.82 V vs Fc/Fc*) were observed. Similarly, in the CV of 2
(Figure S27, Supporting Information), waves corresponding to
three one-electron oxidation processes were observed at slightly
more positive potentials in comparison with those of EE-1
partly because of the replacement of the two vinylene linkages
in EE-1 with the less electron-donating ethynylene linkages.
The calculated HOMO levels of E,E-1 and 2 are consistent with
those estimated from the first oxidation potentials.*® In
contrast, the CV of ZZ-1 (Figure 9b) showed characteristic
behavior. In the first scan from —0.5 to +0.3 V (red solid line),
no anodic current was observed. When the scan range was
extended to +0.6 V (blue solid line), a sharp anodic current
corresponding to a two-electron process was observed at +0.44
V,% which was followed by two cathodic peaks identical to the
corresponding peaks of E,E-1. These results strongly suggested
that isomerization of ZZ-1 to EE-1 occurred after the
formation of a dication.’® In fact, the first cycle between —0.5
and +1.0 V (black solid line) showed the same anodic current
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Figure 9. Cyclic voltammograms of (a) E,E-1 (scan range from —0.5
to +1.0 V) and (b) Z,Z-1 (scan ranges (red line) from —0.5 to +0.3 V,
(blue line) from —0.5 to +0.6 V, (black solid line) from —0.5 to +1.0
V, (black dashed line) from —0.5 to +1.0 V). Conditions: 0.1 M n-
Bu,NPFy in 1,2-dichloroethane, Ag/AgCl reference electrode with a
Luggin capillary, Pt disk working electrode, Pt wire counter electrode,
02 Vs'at 25 °C.

Table 1. Oxidation Potentials” of E,E-1, Z,Z-1, and 2

E?2, E®, E%, HOMO ~ HOMO
compd  E™,, (V) (V) ) v) (eV) (eV)©
EE-1 022, 1le 0.38, 0.65, 0.82, =51 —4.76

le le le
ZZ—1 044,d2e e e e f —4.71
2 0.36, le 0.51, 0.82, e =52 —4.87
le le

“Scan rate: 0.2 Vs~ for EE- and ZZ-1 and 0.1 V s™! for 2; V vs Fc/
Ec*. "(HOMO energy value of EE-1 and 2 was deduced from the
measured E™|,. SHOMO level of unsubstltuted EE-1, Z,Z-1, and 2
was estimated at the B3LYP/6-31G(d,p) level. “Anodic peak potential.
*No additional oxidation peak was observed. "Not determined.

curve as the blue line until +0.6 V, and then two anodic and
four cathodic waves corresponding to those of EE-1 were
observed. Furthermore, in the second cycle (black dashed line),
the anodic current corresponding to the first oxidation process
of E,E-1 was detected with a scan rate of 0.2 V s™!. Thus, it was
concluded that Z,Z-1 isomerized to E,E-1 during the two-
electron oxidation process (Figure 9).
Formation and X-ray Structures of Saturn-Like
Complexes. Macrocycles with precise shapes and inner
cavities form various kinds of Cg-containing complexes.”'*~ 16
Among them, convex—concave 77— interactions between the
spherical Cg4, and 7-conjugated tubular molecules play an
important role in stabilizing inclusion complexes, whereas van
der Waals interactions between Cg, and macrocycles help to
construct 1:1 inclusion complexes. However, van der Waals
interactions are usually too weak to allow for the formation of
stable complexes. We found that E,E-1 and 2 incorporate Cyq, in
their inner cavities to form unique Saturn-like complexes using
van der Waals interactions between Cg, and the sulfur atoms of
oligothiophene 8-mers. In '"H NMR spectra for a 1:1 mixture of
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EE-1 and Cg, in toluene-dg (4.00 X 107> M) at 25 °C, the
peaks for the olefinic protons were shifted downfield by 0.026
ppm in relation to the chemical shift of EE-1 itself. A Job plot
prepared from 'H NMR spectra in toluene-d; with a total
sample concentration of 2.20 X 107> M indicated that a 1:1
complex formed, and the binding constant (K,) for E,E-1 with
Cg in toluene-dg at —20 °C was determined to be 439 + 14.8
M}, whereas K, at 40 °C was 56 &+ 12.6 M~ (AH = —22.8 kJ
mol™ K™; AS = —38.8 ] mol™ K™'). These results showed
that only 3.5% of E,E-1 formed a complex with Cg, in toluene
(4.00 x 10™* M) at 25 °C, whereas more than 83% of E,E-1
formed a complex in the same toluene solution at —100 °C. In
the UV—vis—NIR spectrum for the 1:1 mixture of EE-1 and
Cyo in toluene, a broad charge-transfer absorption was observed
in the range of 600—800 nm. In the case of 2, however, K,
could not be accurately determined from the analysis of the 'H
NMR and UV—vis spectra due to small differences between the
spectra for 2 and its Cg, complex.

In contrast to the weak interactions between E,E-1 and 2 and
Cy in solution, these macrocycles formed stable Cg, complexes
in the solid state. When a solution of E,E-1 and Cg, (1:1) in hot
toluene was allowed to stand at room temperature overnight,
black cubic single crystals formed and the structure was
determined by using X-ray analysis. The most striking
characteristic of E,E-1DCg, is its Saturn-like structure, in
which the C4y core is surrounded by the planar EE-1 ring
(Figure 10a and 10b). The face-to-face S--S distances
(13.607(2)—14.661(3) A, average S-S distance 13.99 A)
indicate that the oligothiophene ring is nearly circular, and the
short S---S distances (13.607 and 13.661 A) are 1.0% shorter
than the sum (13.72 A) of the van der Waals radii of the sulfur
atoms (3.70 A) and Cy (10.02 A)>' The short contacts
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Figure 10. (a) Top view, (b) side view, and packing structures along
(c) the a axis and (d) the ¢ axis of an ORTEP diagram of E,E-1DCg,
(butyl groups are omitted for clarity). Thermal ellipsoids are at 50%
probability. Interatomic distances (A): S(1)-+-S(5) = 13.660(3), S(2)---
S(6) = 13.607(2), S(3)--S(7) = 14.045(2), S(4)---S(8) = 14.661(3),
8(1)+C(Cep) = 3.575(5), S(2)-+C(Cyo) = 3.772(8), S(3)-C(Cgp) =
3.527(6), S(4)-C(Cyg) = 3.758(8), S(5)-*C(Cqo) = 3.858(6), S(6)-+
C(Cq) = 3.737(6), S(7)+C(Cqp) = 3.742(6), S(8)--C(Cq) =
4.144(8). Intermolecular distances (A): (i) C(14)--C(15) 3.442(6),
(ii) c(13)--C(16) 3.431(7), (iii)) C(33)--C(35) 3.580(7), (iv)
C(34)--C(36) 3.617(7), (v) C(1)--C(47) 3.687(7), (vi) C(2)--
C(47) 3.774(7), (vii) C(Cg)--C(Cygp) 5.883(8).
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between the sulfur atoms and Cg, stop the rotation of Cg,
which is different from complexes with convex—concave 7—x
interactions (a ball-bearing system).>"* In the crystal packing,
there are six short C--C contacts of <3.77 A between the
stacked E,E-1 (i 3.431(7) A and ii 3.774(7) A) (Figure 10c and
10d). However, the closest Cgy-Cgo distance in the single
crystal (vii 5.883(8) A) suggests that there are almost no 77
interactions between Cg, molecules.

Single crystals of 2DCg, were obtained by crystallization of a
mixture of 2 and Cy, (1:1) in hot toluene, and its structure was
determined by using X-ray analysis (Figure 11). In one of the

- T )
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Figure 11. (a) Top view and (b) side view of an ORTEP diagram of
2DC¢ (H atoms are omitted for clarity.). Thermal ellipsoids are at
50% probability. (c) Packing structure along the ¢ axis of 22Cg, (butyl
groups are omitted for clarity). Interatomic distances (A): S(1)--S(S)
= 14.137(6), S(2)--5(6) = 14.668(6), S(3)---S(7) = 13.908(5), S(4)--
S(8) = 13.617(4), S(1)--C(Cg) = 3.78(2), S(2)--C(Cq) = 3.91(2),
$(3)-+C(Cq) = 3.59(1), S(4)~C(Cgp) = 3.58(1), S(5)--C(Ceo) =
4.11(2), S(6)--C(Cg) = 449(2), S(7)--C(Cg) = 3.63(1), S(8)--
C(Cg) = 3.49(2). Intermolecular C--C distances (A): (i) C(4)--
C(30) 3.41(1), (ii) C(6)---C(28) 3.42(1), (iii) C(10)--C(39) 3.68(1),
(iv) C(11)--C(38) 3.65(1), (v) C(14)---C(35) 3.67(1), (vi) C(16)--
C(34) 3.67(1), (vii) C(Cgo)--C(Cgo) 5.81(2).

two independent 2DCgy, complexes in the crystal, the positions
of some of the carbon atoms of Cg, could not be determined
due to disorder. In the other complex, the face-to-face S---S
distances (13.617(5)—14.668(6) A, average S-S distance 14.08
A) indicate that it has a round shape, and the short S-S
distance (13.617 A) is 1.0% shorter than the sum of the van der
Waals radii of the sulfur atoms (13.72 A) and Cg, Therefore,
the intermolecular interactions between 2 and Cg, are slightly
weaker than those in E,E-1DCg,. The shortest C--C contact
between the stacked 2DCq, (i 3.41(1) A) and the closest Cgy---
Cg distance in the column (vii 5.81(2) A) are similar to those
of EE-1DC4 (Figure 1lc). Thus, the small structural
differences between EE-1 and 2 barely affect the intra- and
intermolecular distances in the C4, complexes.
Polymorphism of the Saturn-Like Complexes. The
Saturn-like complex E,E-1DCq, formed fibrous and cubic
polymorphs, which precipitate from solution (Figure 12a and
12b). Casting of a CS, solution of E,E-1DCg, produced fibers,
whereas similar casting of a benzene solution formed small
cubes. In Figure 12c, the strong (001) reflection of the fiber at
20 = 4.85° (d = 18.2 A) was ascribed to the molecular size,
whereas the weak reflections at 26 = 9.69° (002) and 14.54°
(003) were ascribed to higher order complexes. Since the
molecular diameter of E,E-1 was estimated to be 31.6 A, the
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Figure 12. (a) SEM image of fibers of E,E-1DCy, obtained from CS,.
(b) Optical image of small cubes of E,E-1DCg, obtained from benzene.
XRD patterns for (c) the fibers and (d) the small cubes of E,E-12Cq
on an Al plate.

XRD pattern indicates that the film has a laterally ordered
lamellar structure (d = 18.2 A) rising 35° diagonally from the
aluminum plate used for the XRD analysis of the fiber. On the
other hand, the small cubes showed simple but similar patterns
to those of powdered single crystals of E,E-1DCy, (Figure 12d
and Figures $38 and $39, Supporting Information). The UV—
vis spectra for the single crystals, fibers, and small cubes of E,E-
1DC¢, were similar, meaning that they each had weak CT
interactions between E,E-1 and Cg, in the solid state (Figure
S40, Supporting Information). Similarly to single crystals,
fibers, rods, and square tubes of E,E-1, single crystals, fibers, and
small cubes of E,E-1DC4, show no photoisomerization and
remain unchanged upon irradiation at 480 nm.

Saturn-like complex 2DC¢, formed single crystals in hot
toluene and small cubes in benzene. The XRD patterns for both
polymorphs were similar. From UV—vis—NIR spectra for
2DCq, there are weak CT absorptions (1., 600—800 nm)
between 2 and Cg, confirming that a similar complex forms in
the solid state. In contrast, when CS, was used, 2 and Cg, (1:1)
formed an amorphous film and the UV—vis—NIR spectrum of
the amorphous film exhibited no CT absorption band, meaning
that 2 did not form a Saturn-like complex with Cy, on the
surface (Figures S42 and $43, Supporting Information)*® due
to weak intermolecular interactions. In other words, the rigid
planar structure of 2 affects the formation of different

polymorphs.

B CONCLUSION

Medium-sized macrocyclic oligothiophene 8-mers EE-1 and
Z,Z-1 with similar energy levels were synthesized by selective
cyclodimerization of thiophene dialdehyde 3 containg four 2,5-
thienylene and three ethynylene core units with a low-valent
titanium reagent. On the other hand, cyclo[8](2,5-thienylene-
ethynylene) 2 was synthesized either by intramolecular
Sonogashira cyclization of ethynyl bromide $ containing eight
2,5-thienylene and seven ethynylene core units or by a
bromination—dehydrobromination procedure of EE-1 and
Z,Z-1. From X-ray analysis, EE-1 had a round, zigzag
conformation whereas 2 had a round, planar structure. The
structural flexibility and the mesophase in EE-1 make
nanostructured polymorphs, such as fibers, rods, and square
tubes, possible. On the other hand, the rigid, planar structure of
2 limits morphological variety, and only small rectangular plates
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and amorphous films formed. Self-assembled monolayers of
EE-1 and ZZ-1 were constructed as hexagonal porous
networks under STM conditions at the solid—liquid interface.
Photoisomerization between E,E-1 and Z,Z-1 was observed in
solution, in the solid state, and at the solid—liquid interface. In
solution, E,E-1 and ZZ-1 exhibited photochromism upon
irradiation with visible (525 nm) and UV light (365 nm),
respectively. Moreover, at the solid—liquid interface, the self-
assembled networks of E,E-1 and Z,Z-1 photoisomerized upon
irradiation with visible (550 nm) and UV light (365 nm),
respectively. Furthermore, an amorphous film of Z,Z-1
photoisomerized by irradiation with UV light at 365 nm, and
the resulting amorphous film of E,E-1 isomerized back into the
amorphous Z,Z-1 film when it was irradiated with visible light
at 480 nm. In contrast, single crystals, fibers, rods, and square
tubes of E,E-1 were stable and did not photoisomerize when
irradiated with visible light at 480 nm. In the CV measure-
ments, EE-1, Z,Z-1, and 2 showed multioxidation process. A
two-electron oxidation of Z,Z-1 first produced (Z,Z-1)*', which
easily isomerized to the more stable (E,E-1)** under the CV
conditions.

Oligothiophene 8-mers E,E-1 and 2 incorporated Cg, to form
new Saturn-like complexes. From X-ray analysis, the inner
cavities of both E,E-1 and 2 have optimal sizes for incorporating
Cgo- Although E,E-1 and 2 weakly incorporated Cg, in solution,
from X-ray analysis, some of the S-S distances in Saturn-like
E,E-1DCq, and 2DC¢, were determined to be a little shorter
than the sum of the van der Waals radii of the sulfur atoms and
Cgo- As a result, the sulfur atoms of the thiophene rings interact
with Cg, to hinder its rotation. Furthermore, E,E-1DCg, formed
various nanostructured polymorphs, such as single crystals,
fibers, and small cubes. However, the number of polymorphs of
2DCg, was limited due to the rigid, planar structure of 2. These
new donor—acceptor Saturn-like complexes have potential
applications as molecular machines and switches by utilizing
their electric and optical properties.
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