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Abstract Anthracene has been widely explored because of its intrinsic
photophysical and photochemical properties. Here, two novel anthra-
cene-based macrocycles (1 and 2) were designed and synthesized with
para- and meta-phenylene spacers. X-ray crystallographic analysis
demonstrates that compound 1 with para-phenylene spacers adopts a
nearly planar structure, while compound 2withmeta-phenylene spacers
displays a V-shaped geometry. The photophysical properties of the
resultant macrocycles, which are structural isomers, are well studied
using photoluminescence spectra and time-resolved absorption
spectra, which are further corroborated by density functional theory
calculations. The optical properties of these two novel macrocycles can
be finely tuned via their geometries.

Key words anthracene, macrocycles, geometrically, optical proper-
ties, fluorescence

Introduction

Well-defined π-conjugated macrocycles have attracted
considerable attention from researchers because they not
onlyaretheoreticallyandexperimentally interesting,but they
also demonstrate potential applications in carbon-based
nanoelectronics.1–8 In particular, the cyclo-p-phenylenes
have been well developed during the past decade, due to
their unique structures, optoelectronic properties, and
supramolecular host–guest behavior.9–15 Anthracene is a
versatile synthon that is widely used to synthesize attractive
and functional molecules in organic electronics, due to its
molecular panel-like shape and excellent photophysical
properties.16–22 Moreover, the feasibility of chemical modifi-
cationoftherigidanthracenebackbonemakesanthraceneand
its derivatives very useful building blocks for the synthesis of

fascinating cyclic structures.23–38 In 2007, Toyota and cow-
orkers reported the synthesis of the cyclic 1,8-anthrylene-
ethynylene dimer with two acetylene linkers (Figure 1)
through the Sonogashira coupling.39–41 In 2016, the same
group demonstrated the synthesis of a novel π-conjugated
macrocyclic compound consisting of six 2,7-anthrylene units
by Ni-mediated Yamamoto coupling (Figure 1).26,27 A macro-
cyclic diphenylanthracene dimer was successfully synthe-
sized by Iyoda et al. using the electron-transfer oxidation of
Lipshutz cuprate in 2018 (Figure 1).42 Although these
achievementsmadeprogress, the synthesis of smallermacro-
cycleswithanthraceneunitsstill remainsachallenge,suchasa
phenyl-linked 1,8-anthracene dimer, due to the high strain at
the 1,8-position and the rigid π-frame of anthracene.

Herein, we demonstrated the synthesis of two novel
anthracene-based macrocycles with para- and meta-phenyl-
ene linkers: the structural isomers 1 and 2 (Scheme 1). The
chemical structures of 1 and 2 are unambiguously confirmed
by X-ray crystallographic analysis. The anthracene units in
macrocycle 1 adopt a nearly planar structure, while the
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Figure 1 Examples of anthracene-based macrocycles.
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anthracene units in 2 possess a slightly curved geometry due
to its highly twisted geometry (Figure 2). Interestingly, the
structural isomers 1 and 2 demonstrate totally different
optical and electronic properties. The maximum absorption
and fluorescence peaks of 2 are blue-shifted compared to
those of compound 1 due to the highly strained structure,
which leads to the decreased conjugation in 2. Accordingly,
the photoluminescence quantum yield (QY;ΦPL) of 2 (22%) is
lower than that of 1 (41%) both in solution and solid
films (in 40 wt% PMMA, 1: ΦPL

film ¼ 22%; 2: ΦPL
film ¼ 8%).

However, the fluorescence lifetimes of 1 (τ ¼ 6.15 ns) and 2
(τ ¼ 6.19 ns) are comparable with each other. Thereby, our
work reported herein is particularly attractive because it not
only allows the synthesis of highly strainedmacrocycles with
1,8-anthracene units, but also provides the possibility tofine-
tune their optoelectronic properties by controlling the
geometry.

Results and Discussion

The synthetic routes toward anthracene-based macro-
cycles1 and2 are depicted in Scheme1. Thekeybuilding block
1,8-diborate-10-mesitylanthracene (4) was synthesized
from 1,8-dichloro-10-mesitylanthracene (3)43 through the
palladium-catalyzed Miyaura borylation reaction with bis
(pinacolato)diboron in 42% yield. Subsequently, the selective
Suzuki coupling of compound 4with 1-bromo-4-iodobenzene
or 1-bromo-3-iodobenzene afforded compounds 5 and 6 in

the yield of 45% and 73%, respectively. Finally, the anthracene-
based macrocycles 1 and 2 were successfully obtained
through the Suzuki coupling of 5 and 6 with compound 4 in
excellent yields of 65% and 63%, respectively. The chemical
structures of 1 and 2 were fully characterized by 1H and 13C
NMRmeasurements (Figures S3-S14) and the high-resolution
mass spectroscopy (Figures S15-S21).44,45

The crystals of macrocycles 1 and 2were grown by slow
evaporation of their solution in methanol/toluene and
hexane/dichloromethane, respectively, allowing characteri-
zation of their structural features by X-ray single crystal
analysis. The anthracene groups in macrocycle 1 possess a
nearly planar geometry, in which the phenyl rings twist out
of the anthracene plane with a dihedral angle of 58.62°
(Figure 2a, b). In the solid state of macrocycle 2, the
anthracene units and phenyl rings twist each other with the
dihedral angles of 72.55° to 79.89° (Figure 2c, d). Interest-
ingly, due to the high strain in macrocycle 2, the anthracene
units also slightly twist out of the plane with a dihedral
angle of 4.48° (Figure 2d), which is similar to those of the
1,8-disubstituted anthracene compounds in the literature.46

Due to the presence of the sterically hindered mesityl
groups and the twisted para- (1) and meta- (2) phenylene
spacers, no intermolecular π–π stacking interaction can be
formed between the adjacent anthracene moieties
(Figures S1 and S2).

The electrochemical behaviors of macrocycles 1 and 2 in
anhydrous dichloromethane (CH2Cl2) were investigated by
means of cyclic voltammetry; the results are depicted
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Scheme 1 Synthetic routes toward anthracene-based macrocycles 1 and 2.
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in Figure 3d. Macrocycle 1 showed two reversible oxidation
processes at the onset potential of 1.20 and 1.23 V vs. Fcþ/Fc
(Figure 3d), respectively. For macrocycle 2, which exhibited a
similar pattern to compound 1, two reversible oxidation
processes were observed with the onset potential of 1.12
and 1.21 V vs. Fcþ/Fc (Figure 3d), respectively. Accordingly,
the HOMO energy levels are estimated to be �5.45 and

�5.53 eV for 1 and 2, respectively. In addition, the experi-
mental results are well supported by the density functional
theory calculations (Figure 4). In comparison with 9-
mesitylanthracene (Figure 4a), the energy gaps
of macrocycles 1 and 2 are smaller than that of monomer
9-mesitylanthracenedueto theπ-expanded conjugation. The
HOMO and LUMO in macrocycle 1 with para-phenylene
spacers are mainly localized on the anthracene units and
partially on the para-phenylene linkers (Figure 4b). In
contrast, the HOMO and LUMO of macrocycle 2 with meta-
phenylene spacers are fully localized over the anthracene

Figure 2 X-ray crystal structures ofmacrocycles 1 and 2. All the hydrogen atoms and solventmolecules are omitted. (a, b) Top and side views of 1. (c, d)
Top and side views of 2.

Figure 3 UV-vis absorption (a) and fluorescence (b) spectra of 9-
mesitylanthracene, 1 and 2 in toluene (concentration: 5 � 10�5 M). (c)
Fluorescence spectra of 9-mesitylanthracene, 1 and 2 in 40 wt% PMMA
thin film. (d) Cyclic voltammetry of 1 and 2 measured in CH2Cl2 (0.1 M
n-Bu4NPF6) at the scan rate of 50 mV/s.

Figure 4 Calculated molecular orbitals and energy diagrams of 9-
mesitylanthracene (a), 1 (b), and 2 (c).
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groups, owing to the interruption of conjugation by the
meta-phenylene spacers, as well as the deplanarization
(Figure 4c). Accordingly, the energy gap of macrocycle 2
(ΔEgCal ¼ 3.44 eV) is larger than thatof its structural isomer1
(ΔEgCal ¼ 3.32 eV), with a lower HOMO and a higher LUMO
(Figure 4). Thephotophysical properties ofmacrocycles1 and
2 were investigated by UV-vis absorption and fluorescence
spectroscopy in aerated toluene solution (5 � 10�5

M; Figure 3). Compounds 9-mesitylanthracene, 1, and 2
display similarly shapedUV-vis absorptionpatterns, inwhich
four absorption peaks ranging from 325 to 450 nm can be
observed. Compared to the monomer 9-mesitylanthracene,
the maximum absorption peaks for the anthracene-based
macrocycles 1 and 2 were red-shifted with high molar
extinction coefficients (εmax ¼ 2.28–2.32 � 104 M�1 cm�1),
owing to their narrower HOMO/LUMO gaps (Figure 3a).
Interestingly, we found that the photophysical properties
could be tuned by different geometries of the macrocycles;
this can be illustrated by the absorption and emission
maxima of structural isomers 1 and 2. For instance, the
absorption maximum peak of macrocycle 2 (398 nm) with
meta-phenylene spacers exhibits a blue-shift of 10 nm
compared to that of its respective isomer 1 (408 nm) with
para-phenylene spacers (Figure 3a), which is attributed to its
enlarged energy gap. Macrocycle 2 displays a maximum
emission peak at 428 and 430 nm in the solution and solid
state (Figure 3b, c), respectively, with a blue-shift of 6 and
11 nmcomparedwith 1. Two shoulder emissionpeaks at 408
and 457 nm were also observed for 2; while macrocycle 1
exhibitsabroademissionpeakwhichcenteredat434 nmdue
to its rigid structure. Notably, a smaller Stokes shift of
macrocycle 1 (26 nm) in toluene can be observed compared
with that of 2 (30nm). Furthermore, the solution photo-
luminescence QY of macrocycle 1 (ΦQY ¼ 41%) with para-
phenylene spacers is much higher than that of its
structural isomer 2 (ΦQY ¼ 22%) with meta-phenylene
spacers and the solid-state QY of 1 (in 40 wt% PMMA
thin film, ΦQY

film ¼ 22%) is also superior to that of 2
( ΦQY

film ¼ 8%), indicating less structural relaxation of 1

both in solution and solid state. The fluorescence lifetimes of
9-mesitylanthracene, 1, and 2 are similar, reaching τ ¼ 7.02,
6.15, and 6.19 ns, respectively.

The excited-state nature of macrocycles 1 and 2 was
examined by nanosecond time-resolved absorption (ns-TA)
spectroscopy (Figure 5). The experiments were conducted
in aerated toluene via 355 nm excitation of 9-mesitylan-
thracene, 1, and 2. Compared to monomer 9-mesitylan-
thracene (Figure 5a), the macrocycles 1 and 2 show
totally different ns-TA absorption profiles (Figure 5),
revealing that they are not derived from the same excited
state. For instance, 9-mesitylanthracene shows two positive
absorption bands at 407 and 429 nm, while macrocycles 1
and 2 feature intense broad absorption bands at ca.
410 � 580 nm. Compared to 9-mesitylanthracene, the
two macrocyclic compounds exhibit more intense negative
absorption bands originating from ground-state bleaching
in the spectral range of 360–420 nm. On the other hand,
macrocycles 1 and 2 also display differences in their ns-TA
spectra (Figure 5b, c). The negative absorption of compound
2 is well resolved, but not for the broad and featureless
profiles found in its structural isomer 1. The difference
shown in their ns-TA spectra suggests different electronic
configurations of the excited states between these two
compounds, and is also consistent with their different
emission properties in which compound 1 displays broad
and sharp emission bands but 2 shows vibronic-structured
emission profiles (Figure 3b). Kinetic studies at selected
wavelengths of these ns-TA spectra were also carried out
with decay time constants of 329 (9-mesitylanthracene),
232 (1), and 274 (2) ns.

Conclusions

In conclusion, we report the synthesis of two novel
macrocycles 1 and 2, in which the 1,8-anthracene units are
linked with the para- and meta-phenylene units, resulting
in the formation of their structural isomers. From the X-ray

Figure 5 Nanosecond time-resolved absorption (ns-TA) spectra of 9-mesitylanthracene (a), macrocycles 1 (b), and 2 (c) in toluene (concentration:
5 � 10�5 M) at 355 nm laser pulse excitation.
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crystallographic analysis, the anthracene units in macro-
cycle 1 possess nearly planar structures; however, the
anthracene units in 2 show a slightly curved geometry with
a dihedral angle of 4.48°. Notably, the structural isomers 1
and 2 display striking difference in their photophysical
properties, in which the macrocycle 1 with para-phenylene
spacers demonstrates a much higher ΦPL value both in
solution (41%) and solid state (22%) compared with those of
V-shapedmacrocycle 2withmeta-phenylene spacers (for 2:
ΦPL

solution ¼ 22%; ΦPL
film ¼ 8%). Our work reported herein

offers the possibility to fine-tune photophysical properties
by controlling the geometry of macrocycles.
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