
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

r 
20

24
. D

ow
nl

oa
de

d 
on

 2
6.

01
.2

6 
21

:1
2:

03
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
From p-conjuga
Department of Materials Science, State Key

Polymers, Fudan University, Shanghai 2004

† Electronic supplementary information (
2327360 and 2272225. For ESI and crystall
format see DOI: https://doi.org/10.1039/d3

Cite this: Chem. Sci., 2024, 15, 4590

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 27th September 2023
Accepted 19th February 2024

DOI: 10.1039/d3sc05074b

rsc.li/chemical-science

4590 | Chem. Sci., 2024, 15, 4590–4
ted macrocycles to
heterocycloarenes based on benzo[2,1-b:3,4-b0]
dithiophene (BDTh): size- and geometry-
dependent host–guest properties†

Dongyue An, Rong Zhang, Jiangyu Zhu, Teng Wang, Yan Zhao, Xuefeng Lu *
and Yunqi Liu

p-Conjugated macrocycles have been highly attractive due to their challenging synthesis, fascinating

aesthetic structure and unique physical and chemical properties. Although some progress has been

made in synthesis, the study of p-macrocycles with different structural characteristics and

supramolecular interactions still faces major challenges. In this paper, two new single-bond linked

macrocycles (MS-4T/MS-6T) were reported, and the corresponding vinyl-bridged heterocycloarenes

(MF-4T/MF-6T) were synthesized by the periphery fusion strategy. Further studies have indicated that

the structure of these four macrocycles is determined by both size and curvature, showing unique

variations from nearly planar to bowl and then to saddle. Interestingly, the nearly planar MS-4T with

a small size and the rigid saddle-shaped MF-6T show no obvious response to fullerenes C60 or C70,

while the bowl-shaped MS-6T and MF-4T demonstrate a strong binding affinity towards fullerenes C60

and C70. What's more, two kinds of co-crystals with capsule-like configurations, MS-6T@C60 and MS-

6T@C70, have been successfully obtained, among which the former shows a loose columnar

arrangement while the latter displays a unique three-dimensional honeycomb arrangement that is

extremely rare in supramolecular complexes. This work systematically studies the p-conjugated

macrocycles and provides a new idea for the development of novel host–guest systems and further

multifunctional applications.
Introduction

p-Conjugated macrocycles1 are an important kind of organic
conjugated materials with special geometric structures, physi-
cochemical properties and good electron transport character-
istics, demonstrating broad application prospects in organic
electronic devices,2 supramolecular assembly3 and chemical
sensors.4 They can be roughly divided into single bond linked
macrocycles and fully fused cycloarenes according to different
structural characteristics. Among them, the single bond linked
macrocycles have an inner cavity formed by single bonds and
aromatic rings5 or double6/triple7 bonds, while fully fused
cycloarenes8 have clear internal and external rings constructed
by aromatic rings with common edges. Their geometric
congurations, optoelectronic properties as well as supramo-
lecular assembly behaviours can be controlled by adjusting the
building blocks and conjugation length of p-conjugated
Laboratory of Molecular Engineering of

33, China. E-mail: luxf@fudan.edu.cn

ESI) available. CCDC 2272202, 2272207,
ographic data in CIF or other electronic
sc05074b

601
systems. [n]Cyclo-meta-phenylene9 (CMP) is a kind of typical
single bond linked macrocycle whose structure and optoelec-
tronic properties are closely related to the number of phenylene
blocks. In fact, for [6]CMP, if we assume that it can be fully
periphery-fused, the basic cycloarene kekulene10 can be ob-
tained, which is composed of 12 benzenoid rings prepared by
Stab and Diederich in 1978. And more than 30 years later,
septulene11 with 14 benzenoid rings and octulene12 with 16
benzenoid rings were successfully synthesized. The conjugated
extension signicantly transforms these cycloarenes from
a planar structure (kekulene) into a twisted saddle structure
(octulene), and their supramolecular assembly properties are
quite different.13 In addition to conjugate extension, the intro-
duction of heteroatoms can also greatly change the various
properties of macrocycles, as it is conducive to enhancing
intramolecular charge transfer, which has a great inuence on
photophysical and electrochemical properties, as well as device
performance. For single bond linked macrocycles, aromatic
heterocycles14 can be used as building blocks, such as thio-
phene,15 pyridine,16 pyrazine,17 etc. Heteroatoms containing
lone electron pairs can also be used directly as bridging units to
realize the heteroatomization of macrocycles and achieve the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
purpose of regulating the performance of the nal p-conjugated
macrocycles.18 For fully fused cycloarenes, heteroatoms are
generally introduced through aromatic heterocycles.19 At
present, some heterocycloarenes that fuse thiophene,2e carba-
zole20 and other aromatic heterocycles21 have been successfully
synthesized and show great application prospects in organic
optoelectronic devices and supramolecular chemistry.

However, due to the internal strain caused by special topo-
logical structures, the accurate construction of p-conjugated
macrocycles is not an easy task. What's more, we have found
that periphery fusion to build a vinyl bridge for macrocycles and
the relationship between single bond linked macrocycles and
fully fused cycloarenes have been less investigated. The effect of
periphery fusion on the geometrical structure, physicochemical
properties and supramolecular assembly behaviours of macro-
cycles is still an open question. Herein, we report a nearly planar
single bond linked p-conjugated macrocycle MS-4T and a bowl-
shaped macrocycle MS-6T, both of which are composed of
benzo[2,1-b:3,4-b0]dithiophene (BDTh) and phenanthrene
(Phen) units. In order to further study the effect of periphery
fusion on macrocycles, the bowl-shaped heterocycloarene MF-
4T and saddle-shaped heterocycloarene MF-6T on the basis of
a single bond linked macrocycle are subsequently synthesized.
Thus, the electronic structure, aromaticity, as well as optoelec-
tronic properties of both the single bond linked p-conjugated
macrocycles MS-4T/MS-6T and heterocycloarenes MF-4T/MF-6T
are of great interest. In addition, such types of p-conjugated
macrocycles may show selective host–guest interactions with
fullerenes. In this article, we will report the synthesis, geometric
congurations, optoelectronic properties and selective supra-
molecular interactions with fullerenes of these single bond
Fig. 1 The design of single bond linked macrocycles and corre-
sponding vinyl-bridged heterocycloarenes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
linked p-conjugated macrocycles and fully fused hetero-
cycloarenes (Fig. 1).
Results and discussion
Synthetic procedures

The nearly planar single bond linked p-conjugated macrocycle
MS-4T, bowl-shaped macrocycle MS-6T, bowl-shaped hetero-
cycloarene MF-4T and saddle-shaped hetero-cycloarene MF-6T
were synthesized according to Scheme 1. The Suzuki coupling
reaction between equimolar amounts of 1 (see synthesis in the
ESI†) and 2 (ref. 22) under optimal conditions gave a mixture of
MS-4T and MS-6T, which were further puried by recycling
preparative gel permeation chromatography (GPC) with yields
of 14% and 8%, respectively.

In order to achieve the fused cyclization of single bond
linked p-conjugated macrocycles, compounds 1 and 323 were
used for the Suzuki coupling reaction, and the macrocyclic
intermediates 4a and 4b with four and six aldehyde groups were
synthesized. It should be noted that although GPC did not show
two distinct product peaks, the single peak was maldistributed
(Fig. S7†), indicating that the product was actually a mixture,
which was very hard to further separate completely. In addition,
Scheme 1 Synthetic route for the single bond linkedmacrocyclesMS-
4T/MS-6T and heterocycloarenes MF-4T/MF-6T. (i) XPhos Pd G2,
K3PO4, THF/H2O, 60 °C; (ii) methoxymethyltriphenyl-phosphonium
chloride, t-BuOK, THF, RT; (iii) Bi(OTf)3, ClCH2CH2Cl, RT.

Chem. Sci., 2024, 15, 4590–4601 | 4591
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two peaks of different molecular weight appeared in the MALDI-
TOF mass spectrum (Fig. S51 and 52†), corresponding to 4a and
4b respectively. The yield of the mixture of 4a and 4b was about
18%. Then, the aldehyde groups in the intermediates 4a and 4b
were converted to methoxyethenyl groups by aWittig reaction to
obtain the corresponding macrocyclic precursors 5a and 5b
with four and six vinyl ether groups. Similar to the macrocyclic
intermediates 4a and 4b, 5a and 5b were also hard to isolate,
and the yield of the mixture of 5a and 5b was about 84%.
Finally, the periphery fusion of macrocyclic precursors 5a and
5b was realized by the Friedel–Cras reaction catalyzed by
Bi(OTf)3 in 1,2-dichloroethane at room temperature, which
afforded the expected fully fused heterocycloarenes MF-4T and
MF-6T. The large size difference between the two molecules
allowed them to be easily separated by recycling preparative gel
permeation chromatography (GPC) with yields of 32% and 37%
respectively. All new products were conrmed using 1H/13C
NMR and mass spectra (see the ESI†).

Ground-state geometry

Single crystals of MS-4T were obtained as yellow needle-shaped
crystals by slow diffusion of methanol into the chloroform
Fig. 2 Top view and side view of the single bond linked macrocycles and
ball and stick model); (b) optimized (B3LYP/6-31G(d,p)) structure of MS-6
4T (the ball and stick model); (d) optimized (B3LYP/6-31G(d,p)) structur
clarity.

4592 | Chem. Sci., 2024, 15, 4590–4601
solution under ambient conditions. X-ray crystallography
reveals that MS-4T adopts a nearly planar structure, in which
the two benzo[2,1-b:3,4-b0]dithiophene (BDTh) building blocks
twist slightly out of the plane of phenanthrene (Phen) blocks in
opposite directions with a dihedral angle of 14.2°. The long
axial length of the inner cavity ofMS-4T is 11.30 Å and the short
axial length is 5.26 Å (Fig. 2a). It is worth noting that MS-4T
exhibits polymorphism and the conguration of the conjugated
skeleton is varied in the same unit cell. As is shown in Fig. 4a,
there are nine macrocycles distributed in parallel along the
body diagonal of the unit cell, which are centrosymmetric with
respect to the central molecule. A detailed crystallographic
analysis reveals that the central molecule has a standard
symmetrical structure (Fig. 2a), while the other eight molecules
exhibit four kinds of conformations (Fig. 3) with different
degrees of distortion, in which the dihedral angle between
phenanthrene (Phen) blocks varies from 2.2° to 10.1° and the
dihedral angle between benzo[2,1-b:3,4-b0]dithiophene (BDTh)
blocks varies from 3.0° to 21.6°.

In addition, the size of the inner cavity ofMS-4T also changes
slightly. The long axial length increases from 11.28 Å to 11.34 Å,
while the short axial length decreases from 5.29 Å to 5.16 Å. The
heterocycloarenes: (a) X-ray crystallographic structure of MS-4T (the
T (the capped stick model); (c) X-ray crystallographic structure of MF-
e of MF-6T (the capped stick model). All substituents are omitted for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Five kinds of different crystal structures of polymorphs of MS-
4T, with the main view on the left and the corresponding side view on
the right. All alkyl chains have been omitted.
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p–p distance between two adjacent molecules is 2.84/2.57/2.67/
2.66 Å (Fig. 4a) and MS-4T molecules pack along the body
diagonal of the cell to form columnar stacking with the spacing
of layers and columns being 3.52 A and 3.66 A, respectively
(Fig. 4a and b). This rare nonamer structure may be related to
the tight arrangement of MS-4T in the solid phase due to the
existence of exible single bonds, promoting multiple cong-
uration changes to achieve the densest stacking in long-range
space. To further study the aromaticity, harmonic oscillator
model of aromaticity (HOMA)38 value calculation was performed
onMS-4T, which was amethod tomeasure aromaticity based on
Fig. 4 3D packing structures for MS-4T: (a) side view, (b) top view and

© 2024 The Author(s). Published by the Royal Society of Chemistry
the geometric structure. The closer HOMA is to 1, the stronger
the aromaticity is. If HOMA approaches 0, it is non-aromatic. If
it is negative, the bond length is extremely unbalanced,
reecting the anti-aromatic characteristics. According to the
results of HOMA value calculations on individual rings, the
benzenes on the side of phenanthrene blocks have a larger
HOMA value (0.86) than the middle benzenes (0.47). And for the
benzo[2,1-b:3,4-b0]dithiophene (BDTh) blocks, the HOMA value
of benzenes (0.85) is larger than that of thiophene (0.57). All the
calculation results of macrocycle MS-4T are consistent with
those of monomers, implying that the formation of the single
bond linked p-conjugated macrocycle does not change the
aromaticity of each construction unit.

The single crystals ofMS-6T were also obtained and tested by
SC-XRD. However, due to the weak diffraction and complex
stacking of the crystal, the structure analysis could not be
carried out accurately. Alternatively, the structure of MS-6T was
optimized by DFT at the B3LYP/6-31G(d,p) level of theory
(Fig. 2b). With the increase of building blocks, the geometrical
congurations of macrocycles change signicantly. According
to DFT calculations, MS-6T adopts a bowl-shaped structure, in
which the diameter of the inner hub and the outer rim is about
9.95 Å and 20.09 Å, respectively. The depth of the bowl can also
be obtained by measuring the distance between the mean
planes of the inner hub and the outer rim, which is accurate to
4.90 Å. In addition, the sidewall composed of Phen blocks and
the opposite sidewall composed of BDTh blocks are tilted about
30.7° and 59.9° relative to the mean plane of the inner rim,
respectively. Noticeably, in contrast toMS-4T, the BDTh units in
MS-6T are reversed, with the sulfur atoms oriented toward the
outer rim, which may be due to large strain caused by the
special bowl-shaped structure. To further verify this change,
MS-4T and MS-6T were tested using 2D NOESY NMR spectra
MF-4T: (c) side view, (d) top view.

Chem. Sci., 2024, 15, 4590–4601 | 4593
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Fig. 5 (a) UV-vis spectra and (b) normalized fluorescence emission
spectra ofMS-4T,MS-6T,MF-4T andMF-6T in toluene solution; insets
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which can reveal the spatial proximity relationship between all
protons and protons within the molecule and all aromatic
protons have been assigned well. As is shown in Fig. S9,† forMS-
4T, there is no obvious correlation between the inner-hub
proton f and the outer-rim proton b, indicating that the two
are far apart in space. But in MS-6T, there is a signicant
correlation between the proton f and b (Fig. S10†), so it can be
inferred that BDTh blocks of MS-6T are actually ipped relative
to the structural formula shown in Scheme 1, which is also
consistent with the results of our DFT calculations. In addition,
bond length analysis and HOMA value calculations ofMS-6T are
similar to those of MS-4T.

To study the effect of periphery fusion on the macrocyclic
molecular structure, single crystals of MF-4T were obtained as
yellow rhombic crystals by slow diffusion of methanol into the
toluene solution. As is shown in Fig. 2c, MF-4T adopts a bowl-
shaped structure with an approximately rectangular inner
cavity, in which the long axial length and the short axial length
of the inner cavity are about 11.14 Å and 5.34 Å. The bowl depth
of MF-4T is 1.76 Å, and the side-wall plane is tilted about 22.3°
relative to the mean plane containing four sulfur atoms. Inter-
estingly,MF-4T exists in the form of a bilayer dimer with the p–
p stacking distance of 3.72 Å. The molecules are packed into
a unique bilayer-wavy layer stacking due to the bowl-shaped
conformation and the distance of two adjacent “waves”
formed by dimers is 1.84 Å. The distance of close p–p contacts
between the slipped layer molecules is measured to be 2.91 and
4.26 Å respectively (Fig. 4c and d). To further study the new six-
membered rings constructed by periphery fusion, bond length
analysis and harmonic oscillator model of aromaticity (HOMA)
value calculations on individual rings were performed
(Fig. S8†). In the hexagons fused from vinyl ethers, the bonds
linking the BDTh units and the bonds linking the Phen units
(1.43 Å (5)) are close to the typical C(sp2)–C(sp2) single bond
(1.45 Å), while the bond b (1.37 Å (5)) along the outer periphery
is slightly shorter than that of a typical C(sp2)–C(sp2) double
bond in benzene (1.39 Å). The HOMA value calculations suggest
that the newly constructed six-membered rings ofMF-4T exhibit
strong aromatic character (large HOMA values), while the
HOMA values of the middle benzene in Phen units decrease
signicantly compared with MS-4T, indicating that the
periphery fusion has signicantly changed the aromatic prop-
erties of the macrocycles. We also tried many methods to grow
the single crystals of heterocycloarene MF-6T but did not
succeed, and the structure of MF-6T was optimized by DFT
calculations at the B3LYP/6-31G(d,p) level of theory (Fig. 2d).
According to DFT calculations,MF-6T adopts the shape of a very
deep saddle with a maximum bending depth of 7.41 Å, and the
inner hub and the outer rim diameters of 10.30 Å and 20.45 Å
respectively. In contrast to the sulfur atoms inMS-6T, which are
oriented toward the outer edge of the bowl-shaped molecule,
the sulfur atoms inMF-6T are oriented toward the inner edge of
the heterocycloarene to realize the periphery fusion of the
macrocycle, resulting in its distorted saddle-shaped structure. It
was also veried using 2D NOESY NMR spectra (Fig. S14†).
Bond length analysis and HOMA value calculations imply that
4594 | Chem. Sci., 2024, 15, 4590–4601
MF-6T has a local aromatic character, which is similar to that of
MF-4T.
Optical and electrochemical properties

Both MS-4T and MS-6T are yellowish in the solid state, while
MF-4T and MF-6T are deep yellow to yellowish-brown. These
four compounds all have good solubility and can be dissolved in
common organic solvents, such as toluene, tetrahydrofuran and
chloroform, with the solubility varying between 50 and 70 mg
ml−1. The absorption spectra and normalized uorescence
emission spectra ofMS-4T,MS-6T,MF-4T andMF-6T in toluene
(ca. 10−5 M) are shown in Fig. 5. Compounds MS-4T and MS-6T
display intense absorption bands with peaks at 356 and 358 nm
respectively, which can bemainly attributed to a combination of
HOMO−m / LUMO and HOMO / LUMO+n electronic tran-
sitions.24 MF-4T shows a major absorption with maximum
wavelength (lmax) at 338 nm and several vibrational peaks in the
350−450 nm region, while MF-6T displays a maximum
absorption peak at 339 nm with two vibronic shoulders at 324
and 353 nm and several weaker peaks in the 370−450 nm
region. The strong absorption in the high energy region can be
attributed to a combination of HOMO-m / LUMO and HOMO
/ LUMO+n electronic transitions, while the lowest absorption
band can be attributed to HOMO/ LUMO transitions, which is
show the magnified onset absorption bands.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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remarkably similar to that observed in cycloarenes25 and het-
erocycloarenes.3c The absorption onsets (lonset) of the four
compounds have also been estimated to be 450 nm for MS-4T,
463 nm for MS-6T, 452 nm for MF-4T and 466 nm for MF-6T.
This slight difference may be the result of a combination of the
extension of the p-conjugated system and the twisted geometry
of the molecule.3b,e According to the lowest-energy absorption
onset, the optical energy gap (Eoptg ) was estimated to be 2.73 eV,
2.68 eV, 2.74 eV, and 2.66 eV for MS-4T, MS-6T, MF-4T and MF-
6T respectively.

The normalized uorescence emission spectra show that the
maximum emission wavelength (lem) of MS-4T, MF-4T and MF-
6T is 509 nm, 504 nm, and 501 nm respectively. These similar
peaks can be explained by the fact that the redshi caused by
extended p-conjugation is offset to some extent by the negative
effect of the distorted geometry. However, the uorescence
emission spectra show a signicantly blue-shied maximum
emission wavelength (lem = 470 nm) for MS-6T compared with
MS-4T (lem = 509 nm), indicating that the Stokes shi ofMS-6T
and the energy loss from the excited state back to the ground
state are small. In addition, cyclic voltammetry measurements
of MS-4T, MS-6T, MF-4T and MF-6T in dry DCM (Fig. S13†)
generally revealed multiple irreversible redox waves, which can
also be observed in many expanded kekulenes and polycyclic
aromatic hydrocarbons containing thiophenes.26 MS-4T,MS-6T,
MF-4T and MF-6T exhibit several similar oxidation peaks with
initial oxidation potentials at 0.94 V, 0.62 V, 0.73 V and 0.69 V
(vs. Fc+/Fc), respectively.
Theoretical calculations

In order to further evaluate the electronic properties of single
bond linked p-conjugated macrocycles and fully fused hetero-
cycloarenes, density functional theory (DFT) calculations were
Fig. 6 Calculated frontier molecular orbital profiles (isovalue = 0.02) of

© 2024 The Author(s). Published by the Royal Society of Chemistry
conducted by the B3LYP method and 6-31G(d,p) basis set. The
calculations were minimized by substituting methyl groups for
alkyl chains. As shown in Fig. 6, the frontier HOMO and LUMO
coefficients of the nearly planar MS-4T and bowl-shaped MF-4T
are well delocalized along the whole conjugated backbone,
which is conducive to intramolecular charge transfer. However,
the bowl-shaped MS-6T shows two nearly degenerated HOMO
and LUMO, with coefficients distributed in half of the molecule.
And the saddle-shapedMF-6T also shows similar electron cloud
distribution in which the HOMO and LUMO are mainly
distributed at half of the molecule. The special distributions in
MS-6T and MF-6T can be attributed to their twisted geometric
conguration. In addition, the distribution of HOMOs is
obvious on the inner and outer edges of the middle benzene
rings of Phens in the single bond linked p-conjugated macro-
cycles MS-4T/MS-6T. In contrast, the distribution of HOMOs is
more obvious on the outer edges but negligible on the inner
edges of the middle benzene rings of Phens in the hetero-
cycloarene MF-4T/MF-6T, suggesting that the periphery fusion
may affect the charge distribution on the p-conjugated back-
bones. What's more, the HOMO and LUMO energy levels of
these four macrocycles can be obtained by DFT calculations,
from which the energy gaps can also be calculated (Fig. 6). In
general, the energy gaps of MS-4T, MF-4T and MF-6T gradually
decrease with the increase of size and conjugation degree,
which is consistent with the trend of optical band gaps
measured from the UV-vis absorption spectrum (Fig. 5a).
However, the energy gap of MS-6T calculated by DFT theory is
quite different from the optical band gap measured by UV-vis
absorption spectroscopy, which may be due to the distorted
geometry constructed through exible single bonds.

The 1H NMR spectra (Fig. 7) depict the chemical shis of the
four macrocycles, while calculations were conducted at B3LYP/
6-31G(d,p) levels to determine the anisotropy of the induced
the macrocycles: (a) MS-4T, (b) MS-6T, (c) MF-4T, and (d) MF-6T.
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Fig. 7 1H NMR spectra (aromatic region) of MS-4T, MS-6T, MF-4T and MF-6T in CD3Cl. The small diagrams on the left show the connection
modes of building blocks of the macrocycles, and all the protons have been clearly labelled.
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current density (ACID)27 and nucleus independent chemical
shi (NICS).28 As shown in Fig. 8,MS-4T andMS-6T exhibit four
and six local clockwise ring current ows respectively, while the
C(sp2)–C(sp2) bonds formed by the Suzuki reaction show no
ring current ows, which are consistent with the results of bond
length analysis, indicating that the single bond linked p-
conjugated macrocycles MS-4T and MS-6T have local aromatic
characteristics. The NICS (0) values for MS-4T and MS-6T are
−1.60 and 1.02 ppm respectively. What's more, ACID plots
reveal that MF-4T and MF-6T show local aromatic characteris-
tics and the NICS (0) values are −0.91 and −1.30 ppm respec-
tively, which are similar to the single bond linked p-conjugated
macrocycles. However, the distributions of ring current ows in
fully fused heterocycloarenes have changed signicantly. As
shown in Fig. 8, both the C(sp2)–C(sp2) bonds formed by the
Suzuki reaction and the hexagons fused from vinyl ethers all
show heavy ring current, implying obvious aromatic character-
istics, which are also reected in bond length analysis and
HOMA value calculations. In addition, compared with typical
cycloarenes of the carbon conjugated framework,25 ring current
ows over the C(sp2)–C(sp2) double bonds at each corner ofMF-
4T/MF-6T can be observed in all cases (seen in Fig. S18−S21 in
the ESI†), indicating that the introduction of sulfur atoms
Fig. 8 Calculated ACID plots (contribution from p electrons only) of (a)
The magnetic field is perpendicular to the XY plane and points out throu
flow.

4596 | Chem. Sci., 2024, 15, 4590–4601
signicantly changes the distribution of ring current and the
aromatization of local rings in heterocycloarenes.
Binding behaviour with fullerenes

Considering that both the single bond linked p-conjugated
macrocycles MS-4T/MS-6T and fully fused heterocycloarenes
MF-4T/MF-6T have well-dened cavities, they may behave as
hosts for some typical guests such as fullerenes.3a,e Therefore,
C60 was dropped into the solution of MS-4T, MS-6T, MF-4T and
MF-6T respectively and then tested using the 1H NMR spectrum
at 298 K, in which the feasibility of macrocycles as host mole-
cules was judged by themovement of characteristic peaks.29 The
specic procedure of 1H NMR titration can be seen in the ESI.†
For the single bond-linked conjugated macrocycles, no appre-
ciable change was observed when MS-4T was mixed with C60,
indicating that there was no obvious supramolecular binding30

(Figure S26a†). However, the mixture of MS-6T and C60 dis-
played unusual changes. As shown in Fig. 9a, upon addition of
0.3 equivalent C60 to MS-6T in CD2Cl2, two sets of resonances
for the protons of macrocycles appeared in the 1H NMR spec-
trum, implying a slow-exchange complexation21,31 between the
host MS-6T and the guest C60. Affected by the ring currents of
aromatic surfaces of spherical C60, the inner hub protons (b and
MS-4T, (b) MS-6T, (c) MF-4T and (d) MF-6T with an isovalue of 0.026.
gh the paper. The red arrows indicate clockwise (diamagnetic) current

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 1H NMR spectral change of (a) MS-6T (in CD2Cl2, 1.0 mM) and
(b) MF-4T (in CDCl3, 1.0 mM) with the addition of C60 (in the same
solvent with host, 8.0 mM) at 298 K.

Table 1 Binding constants of MS-6T/MF-4T and C60/C70 (in toluene)
along with the associated standard errors

K11 [M
−1] K21 [M

−1]

MS-6T@C60 (8.71 � 0.54) × 105 (1.04 � 0.04) ×105

MS-6T@C70 (5.10 � 0.14) × 105 (2.44 � 0.42) ×105

MF-4T@C60 (2.09 � 0.18) × 104

MF-4T@C70 (1.62 � 0.25) × 105
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f) and the outer rim protons (c) all were shied to high eld,
while the outer-most rim protons (d) were shied to low eld,
which had been conrmed by 2D NOESY NMR spectroscopy
(Fig. S11†). Aer the addition of C60 to half an equivalent ofMS-
6T, the proton signals of free MS-6T disappeared while the four
new groups of proton signals remained and the integration
ratio of the four characteristic peaks was 1 : 1 : 1 : 1. Then no
further spectral changes were observed even with increased
amounts of C60, indicating that the binding stoichiometry
between MS-6T and C60 tended to be 2 : 1, which was further
conrmed by subsequent uorescence titration tests (Fig. S28
and 29†).

On the other hand, a completely different phenomenon
occurred when C60 was dropped into the solution of the fully
fused heterocycloarenesMF-4T andMF-6T. With the increase of
C60, the aromatic proton signals of MF-4T shied to the
downeld and the signal peak of the inner hub proton f
widened signicantly (Fig. 9b), indicating that there is an
obvious supramolecular interaction between the host MF-4T
and guest C60. In contrast, the trimer heterocycloarene MF-6T
exhibited no pronounced chemical shi changes, implying that
MF-6T didn't bind with C60 effectively (Fig. S26b†). These
entirely different supramolecular binding behaviours can be
attributed to the different sizes and geometry of the four mac-
rocycles. For the single bond-linked conjugated macrocycles,
the rigid and nearly planar conguration prevents MS-4T from
effectively encapsulating spherical C60 molecules, while MS-6T
which has a exible bowl-shaped structure and a large internal
cavity can bind with C60 strongly. However, aer the periphery
fusion, it is found that the dimer heterocycloarene MF-4T has
© 2024 The Author(s). Published by the Royal Society of Chemistry
become a bowl-shaped conguration which is conducive to its
binding with C60, while the trimer heterocycloarene MF-6T
adopts a rigid and highly twisted saddle-shaped structure that
no longer has the ability to encapsulate C60. In addition, the
ellipsoidal C70 was also added to the solution of the four mac-
rocycles as guest molecules, and their supramolecular binding
behaviors were similar to those of C60 (Fig. S27†).

In addition to the 1H NMR titration spectra, uorescence
titration spectra have also been obtained and the supramolec-
ular assembly properties of hosts (MS-6T andMF-4T) and guests
(C60 and C70) in toluene were quantitatively analyzed by the
degree of uorescence quenching. As shown in Fig. S28,† the
uorescence emission intensity of MS-6T at 469 nm decreased
rapidly with the increase of fullerenes C60 and C70, implying the
formation of supramolecular complexes. Similarly, the uores-
cence emission intensity ofMF-4T at 504 nm was also quenched
obviously when C60 and C70 were added to the solution. By
tting the data of multiple uorescence titrations into different
binding models (1 : 1 or 2 : 1) and analyzing the residual plots,32

we found that for MS-6T, 2 : 1 is a more ideal stoichiometry
(Fig. S28 and 29†), while for MF-4T, only the 1 : 1 model can
obtain an effective binding constant, which proves that 1 : 1 may
be a more appropriate stoichiometry. And the binding
constants Ka and associated data of four macrocycles and
fullerenes C60/C70 were obtained by nonlinear tting of uo-
rescence titration data, which have been detailed in Tables 1
and S6.†

To study the supramolecular assembly behaviors of macro-
cycles and fullerenes more directly, co-crystals of MS-6T@C60

and MS-6T@C70 were obtained by slow diffusion of methanol
into a 2 : 1 mixture of MS-6T and C60 or C70 in toluene. The
structures of these complexes were analyzed by single crystal
XRD. As shown in Fig. 10, both C60 and C70 can bind well to the
bowl-shaped macrocycle MS-6T. For co-crystals MS-6T@C60,
there is amolecule of C60 (purple) fully encapsulated in the large
cavity of a capsule, which is composed of two MS-6Ts through
twelve C–H/p interactions (shown in Fig. 10a as black dashed
lines) between the phenanthrene (Phen) and the conjugated
framework of the outer rim of the other macrocycle MS-6T (dC–
H/p = 3.06 Å). And the supramolecular assembly is achieved by
p–p interactions (shown in Fig. 10a as red dashed lines)
between the spherical C60 and benzodithiophene (BDTh) units33

at the inner edge of the bowl-shaped molecule MS-6T at
a distance of 3.34 Å. Interestingly, in addition to the C60 located
in the inner cavity of the molecular capsule, six other C60

molecules ll the outer part of the capsule through p–p inter-
actions (shown in Fig. 10b as blue dashed lines) between the
Chem. Sci., 2024, 15, 4590–4601 | 4597
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Fig. 10 X-ray crystallographic analysis of (a) side view of co-crystals MS-6T@C60, (b) top view of co-crystals MS-6T@C60, (c) 3D packing
structures forMS-6T@C60. (d) Side view of co-crystalsMS-6T@C70, (e) top view of co-crystalsMS-6T@C70, (f) 3D packing structure for eight sets
ofMS-6T@C70 molecular capsules in a unit cell, (g) the molecular packing arrangement of the honeycomb structure forMS-6T@C70. The range
of solid red lines is shown as the smallest constituent unit of the honeycomb lattice.
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outer rim of MS-6T and spherical fullerenes with a distance of
3.44 Å, forming a symmetrical hexagonal arrangement. Analysis
of the stacking pattern of MS-6T@C60 shows that there are
multiple p–p interactions (Fig. 10c) between the six C60 mole-
cules on the outside of one dimer capsule and neighboring
capsules with a distance of 3.44 Å, which are conducive to the
regular arrangement of co-crystal molecules in long-range
space.

On the other hand, the crystal structure of MS-6T@C70 has
also been thoroughly studied. Similar to MS-6T@C60, the mac-
rocycles in MS-6T@C70 also appear as capsules created by the
dimerization of two MS-6Ts through C–H/p interaction
(shown in Fig. 10d as black dashed lines) between the phen-
anthrene (Phen) and the other macrocycle MF-6T (dC–H/p =

3.07 Å), whose dimensions are identical to those of capsules in
MS-6T@C60. One ellipsoidal C70 resides in the center of the
capsule by p–p interactions (shown in Fig. 10d and e as red
dashed lines) between the C70 and benzodithiophene (BDTh)
units of the bowl-shaped molecule MS-6T. Due to the larger
ellipsoidal structure of C70, the maximum distance of p–p

interactions is 3.24 Å and the minimum is 3.00 Å, indicating
a stronger supramolecular interaction between C70 and MS-6T
than that between C60 andMS-6T. However, unlikeMS-6T@C60,
fullerene C70 was not found outside the capsules. Further
crystallographic analysis showed that there are eight co-crystal
molecules in the cube cell (Fig. 10f), which are distributed on
eight vertices of the cube, and the angle between the two
4598 | Chem. Sci., 2024, 15, 4590–4601
adjacent molecules is 70.53°. In addition, the C–H/p interac-
tions (dC–H/p = 3.24 Å, shown in Fig. 10f as blue dashed lines)
are formed between two adjacent molecular capsules through
the phenanthrene (Phen) and the conjugated framework. And
due to these molecular capsules rotating at different angles and
balanced C–H/p interactions, MS-6T@C70 exhibits a particu-
larly complex hexagonal windmill-shaped packing,34 which can
also be called a honeycomb35 arrangement. In fact, although
some honeycomb structures have been reported in polymers36

or non-planar graphene,37 self-assembled honeycomb lattices of
supramolecular complexes with special molecular capsules
structures are rare and we may be the rst to report supramo-
lecular honeycomb structures supported by explicit crystallo-
graphic data. As shown in Fig. 10g, six molecular capsules
perpendicular to the central capsule are distributed around the
central molecular capsule and rotate at the same angle, thus
forming a set of hexagonal phases, which can be considered as
the smallest unit to construct a honeycomb lattice. It is also
worth noting that due to the inherent three-dimensional
structure of the molecular capsules, MS-6T@C70 molecules
can realize honeycomb stacking in other directions to form
a complex three-dimensional honeycomb lattice.
Conclusions

In summary, single bond linked p-conjugated macrocycles with
different sizes (MS-4T and MS-6T) and corresponding fully
© 2024 The Author(s). Published by the Royal Society of Chemistry
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fused heterocycloarenes (MF-4T and MF-6T) were successfully
synthesized by effective macrocycle formation strategy and the
periphery fusion strategy. X-ray crystallographic analysis and
DFT calculations reveal that the geometric congurations of
macrocycles have been greatly changed by the periphery fusion,
in which the single bond linked p-conjugated macrocycle MS-
4T presents a rigid and nearly planar geometry while the het-
erocycloarene MF-4T adopts a bowl-shaped structure and the
larger size macrocycle MS-6T presents a bowl-shaped structure
while the heterocycloarene MF-6T shows a saddle-shaped
geometric conguration. In addition, all four macrocycles
exhibited local aromatic properties. The conjugation length and
geometric conguration of these macrocycles greatly affect their
optical and electrochemical properties. Moreover, MS-6T and
MF-4T exhibit special supramolecular assembly behaviours
with spherical C60 and ellipsoidal C70, which can be attributed
to their suitable size and unique bowl conguration. Among
them, MS-6T and fullerenes can form unique molecular
capsules and different spatial arrangements. In particular, the
2 : 1 complex molecular capsule MS-6T@C70 shows a very
special honeycomb packing in long-range space, which may be
the rst three-dimensional honeycomb lattice found in
a supramolecular complex, giving insights into the develop-
ment of novel host–guest systems based on bowl-shaped
macrocycles.
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