
Registered charity number: 207890

As featured in:

See Shaoqiang Dong, 
Chunyan Chi et al., 
Chem. Sci., 2024, 15, 9087. 

Showcasing research from Professor Prof. Shaoqiang Dong 
and Prof. Chunyan Chi, Institute of Molecular Aggregation 
Science, Tianjin University, Tianjin, China and Department 
of Chemistry, National University of Singapore, Singapore.

Facile synthesis and characterization of aza-bridged 
all-benzenoid quinoidal fi gure-eight and cage molecules

Synthesis of conjugated compounds with unusual shape-
persistent structures remains a challenge. This paper 
reported the synthesis of fully π-conjugated fi gure-eight 
and cage molecules via thermodynamically reversible 
intermolecular Friedel-Crafts alkylation. These molecules 
could be oxidized to their cationic species, and showed 
space-confi ned intramolecular dynamics and AIE behaviours. 
The synthetic strategy provides an effi  cient approach to 
synthesize potential conjugated 2D or 3D architectures with 
diff erent topologies and novel optoelectronic properties.

rsc.li/chemical-science



Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

8.
9.

20
24

 0
9:

19
:0

3.
 

 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
Facile synthesis a
aInstitute of Molecular Aggregation Scien

University, Tianjin 300072, China. E-mail: s
bDepartment of Chemistry, National Univ

117543, Singapore. E-mail: chmcc@nus.edu
cState Key Laboratory of Polymer Physics

Applied Chemistry, Chinese Academy of Scie

† Electronic supplementary information
2177038. For ESI and crystallographic dat
DOI: https://doi.org/10.1039/d3sc02707d

Cite this: Chem. Sci., 2024, 15, 9087

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

Received 29th May 2023
Accepted 27th April 2024

DOI: 10.1039/d3sc02707d

rsc.li/chemical-science

© 2024 The Author(s). Published by
nd characterization of aza-
bridged all-benzenoid quinoidal figure-eight and
cage molecules†

Shaoqiang Dong, *ab Yi Han,b Zekun Tong,a Jinfeng Wang,a Yishan Zhang,a

Aisen Li,a Tullimilli Y. Gopalakrishna,b Hongkun Tianc and Chunyan Chi *b

Synthesis of conjugated compounds with unusual shape-persistent structures remains a challenge. Herein,

utilizing thermodynamically reversible intermolecular Friedel–Crafts alkylation, a dynamic covalent

chemistry (DCC) reaction, we facilely synthesized a figure-eight shaped macrocycle FEM and cage

molecules CATPA/CACz. X-ray crystallographic analysis confirmed the chemical geometries of

tetracation FEM4+(PF6
−)4 and hexacation CACz6+(SbF6

−)6. FEM and CATPA displayed higher

photoluminescence quantum yield in solid states compared to that in solution, whereas CACz gave the

reverse result. DFT calculations showed that fluorescence-related frontier molecular orbital profiles are

mainly localized on their arms consisting of a p-quinodimethane (p-QDM) unit and two benzene rings of

triphenylamine or carbazole. Owing to their space-confined structures, variable-temperature 1H NMR

measurements showed that FEM, CATPA and FEM4+ have intramolecular restricted motion of phenyl

rings on their chromophore arms. Accordingly, FEM and CATPA with flexible triphenylamine subunits

displayed aggregation-induced emission behavior (AIE), whereas CACz with a rigid carbazole subunits

structure showed no AIE behavior.
Introduction

Conjugated nanostructures such as fullerenes, carbon nano-
tubes and graphene have had revolutionary inuence in the
areas of chemistry, physics and materials.1 Recently, novel
unusual all-benzenoid shape-persistent structures have
attracted scientists' attention, such as carbon nanohoops,2

nanobelts,3 extended helicenes,4 gure-eight4c–e,5 and bow-
knot molecules,6 molecular cages,7 catenane and trefoil
knots,8 and open-shell nanographenes.9 Conversely, methine-
or heteroatom-bridged all-benzenoid conjugated nano-
structures have been developed, which represent another class
of unusual conjugated structures.10 Study of these materials
could elaborate basic chemical concepts such as global aro-
maticity10f,g and bond tautomerization10f owing to their alter-
native quinoidal and aromatic structures. Besides, these novel
shape-persistent structures are also endowed with novel
physical properties, such as supramolecular behavior owing to
ce, Department of Chemistry, Tianjin

hqdong@tju.edu.cn
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and Chemistry, Changchun Institute of
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the Royal Society of Chemistry
their specied cavity10h,i or interesting photophysical and
optoelectronic properties resulting from the introduction of
heteroatoms.10d,e

The synthesis of conjugated shape-persistent structures has
always been challenging. Kinetically controlled C–C bond
reactions for the synthesis of conjugated nanostrucutres usually
need expensive metal catalysts or tedious synthetic steps.2–10

Dynamic covalent chemistry (DCC) refers to chemical
reactions performed reversibly under equilibrium-controlled
conditions with self-rectifying character.11 Friedel–Cras
alkylation is a thermodynamically controlled DCC reaction12

that has been utilized for the synthesis of macrocyclic
compounds. The DCC method also has potential for applica-
tion in the design and synthesis of more complex and chal-
lenging unusual shape-persistent structures. Herein, we report
an efficient approach to synthesize gure-eight (FEM) and cage
(CATPA and CACz) molecules via a metal-free Friedel–Cras
alkylation as the key step (Fig. 1). The FEM molecule contains
a space-conned pentagon-like geometry on each half. Three-
armed CATPA shows a exible conjugated structure, whereas
CACz exhibits a more rigid structure. Their photophysical
properties, redox properties, and molecular dynamics in
neutral and cationic states were investigated. Furthermore,
these structure-conned molecules provided us good
templates to investigate their aggregation-induced emission
(AIE) behaviour.
Chem. Sci., 2024, 15, 9087–9095 | 9087
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Fig. 1 (a) Localized orbital locator (LOL)-p isosurface maps, (b)
building blocks and (c) chemical structures of figure-eight shape (FEM)
and cage (CATPA and CACz) molecules.
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Results and discussion
Synthesis

All compounds were synthesized by intermolecular Friedel–
Cras alkylation followed by oxidative dehydrogenation reaction
(Scheme 1). The intermediate 3 was rst prepared via a four-fold
Suzuki coupling reaction between 1 and 2 in 83% yield. Then,
BF3$Et2O mediated the two-fold intermolecular Friedel–Cras
Scheme 1 Synthetic routes for FEM, CATPA and CACz. (a) Pd(PPh3)4, Na
acetonitrile. DCM = dichloromethane; DDQ = 2,3-dichloro-5,6-dicyano

9088 | Chem. Sci., 2024, 15, 9087–9095
alkylation between 3 and diol 4 in a dilute dichloromethane
(DCM) solution to give the gure-eight macrocycle precursor 5. It
was subsequently puried by ash column chromatography and
further separated by preparative GPC, yielding 31%. FEM was
obtained in 54% yield by oxidative dehydrogenation of 5 with 2.2
equivalents of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ). Similarly, to synthesize cage compounds CATPA and
CACz, intermediates 9/10 were synthesized by three-fold Suzuki
coupling reaction between 1,3,5-benzenetriboronic acid tris(pi-
nacol) ester 6 and 7/8 in yields of 73%/63%. Subsequent inter-
molecular Friedel–Cras cyclization between 9 and diol 4
afforded 11 in 23% yield, and further oxidative dehydrogenation
of 11 afforded the target compound CATPA in 46% yield.
However, intermolecular Friedel–Cras cyclization between 10
and diol 4 afforded 12 with a yield of around 5%. The relatively
low yield of 12 could probably be ascribed to the low reactivity of
10 towards electrophilic cations. Further oxidative dehydroge-
nation of 12 gave an insoluble yellow solid, and CACz could be
obtained by recrystallization from toluene with 20% yield.
Limited by its poor solubility in common deuterated solvents, 1H
NMR measurement of CACz did not show any peaks even in hot
toluene-d8; however, the structure of CACz6+(SbF6

−)6 could be
identied by its 1H NMR spectra (Fig. S47 in ESI†) and X-ray
crystallographic analysis. The structures of FEM and CATPA
were identied by 1H and 13C NMR measurements in C6D6

(Fig. S30, S31, and S39 in ESI†), and all the protons were assigned
by 2D ROESY NMR spectra (Fig. S48 and S51 in ESI†). It is worth
noting that FEM is racemic with two enantiomers (P and M),
which give identical NMR spectra. However, they could not be
resolved aer some attempts.

Photophysical properties

UV-vis absorption spectra for FEM, CATPA and CACz were
recorded in THF solution (Fig. 2 and Table 1). FEM, CATPA and
CACz all show two intense absorption bands centered at 384/
2CO3, ethanol, and H2O. (b) BF3$Et2O and DCM. (c) DDQ, toluene, and
-1,4-benzoquinone; and Mes: mesityl.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV-vis absorption spectra and (b) fluorescence spectra for
FEM, CATPA and CACz in THF solution with an excitation wavelength
(lex) at 365, 395 and 400, respectively; (c) UV-vis absorption spectra
and (d) fluorescence spectra for FEM,CATPA andCACz in the thin-film
state (lex = 400 nm for all three compounds).
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490 nm, 358/472 nm and 310/466 nm, respectively (Fig. 2a). DFT
calculations indicated that the long-wavelength absorption
band of FEM is correlated to the synergistic contribution of
HOMO / LUMO and HOMO−1 / LUMO+1 electronic tran-
sitions (Fig. S12a and Table S3 in ESI†). Similarly, the long-
wavelength absorption bands of CATPA and CACz are corre-
lated to the multiple electronic transitions of HOMO−n to
LUMO+m (n, m = 0, 1 and 2). (Fig. S12b, c, Tables S4 and S5 in
ESI†). Furthermore, these frontier molecular orbitals are mainly
localized along the two half-arms of FEM or one-third arms of
CATPA and CACz consisting of the p-QDM ring A and two
benzene rings B of triphenylamine or carbazole, respectively
(Fig. S11 in ESI†). The absorption spectrum of CACz exhibits
a hypsochromic shi, probably due to a weak donor–acceptor
effect between carbazoles and p-QDM units. In the thin-lm
state, FEM and CACz show similar absorption bands and
wavelength of absorption maxima to those in solution (Fig. 2a
and c), indicating that there is no obvious intermolecular elec-
tronic coupling between neighbouring molecules. The
Table 1 Photophysical data of FEM, CATPA and CACz

Solution

labs
a

(nm)
3max

b

(105 M−1 cm−1)
lem

c

(nm)
FF

d

(%)
se

(ns)
kr

f

(s−1)

FEM 384,
490

0.61 600 1.0 1.73 5.8 × 106

CATPA 358,
472

1.15 600 1.2 1.60 7.5 × 106

CACz 310,
466

1.24 570 7.4 0.63 1.2 × 108

a labs: absorption maximum wavelength. b 3max: molar extinction coefficie
energy absorption band. c lem: emission maximum wavelength. d F: photo
with time-correlated single-photon counting operation mod. f kr: radiativ
constants were calculated with knr = (1 − FF)/s.

© 2024 The Author(s). Published by the Royal Society of Chemistry
wavelength of the absorption maximum of CATPA in the thin-
lm state exhibits a 34 nm red shi, indicating possible inter-
molecular electronic coupling between adjacent molecules.

The uorescence spectra of FEM, CATPA and CACz in THF
solution are shown in Fig. 2b. FEM exhibits one emission peak
at 600 nm with a photoluminescence quantum yield (PLQY) of
1.0%. DFT calculations indicated that this emission band is
mainly correlated to a synergistic contribution of LUMO+1 /

HOMO and LUMO/ HOMO−1 radiative transitions (Fig. S12a
and Table S6 in ESI†). CATPA and CACz show one emission
peak at 600 and 570 nm with PLQY of 1.2% and 7.4%, respec-
tively. The radiative transitions of CATPA and CACz are
contributed by the multiple electronic transitions of LUMO+m
to HOMO−n (n,m= 0, 1 and 2) (Fig. S12b, c, Tables S7 and S8 in
ESI†). The Stokes shis of FEM, CATPA and CACz in THF
solution are 110 nm, 128 nm and 104 nm, respectively, indi-
cating the exible structure of CATPA. Furthermore, the
uorescence-related frontier molecular orbital proles of three
compounds are also localized along the arm consisting of rings
A and B (Fig. S11 in ESI†). Therefore, the intramolecular
dynamic motions of these moieties would have a signicant
inuence on their uorescence properties.

The uorescence spectra of FEM, CATPA and CACz in the
solid state exhibit a red-shied emission band with maxima at
633, 626 and 586 nm, respectively (Fig. 2d). In the solid state,
FEM and CATPA show 6- and 4-fold enhanced PLQYs of 6.2%
and 4.8%, respectively. Conversely, CACz exhibits a decreased
PLQY of 4.8% in the solid state. Fluorescence dynamics indi-
cated that, from solution to solid, the enhanced PLQYs of FEM
and CATPA could be explained by about 7-and 4-times increased
radiative rate constants, kr, from 5.8 × 106 s−1 and 7.5 × 106 s−1

to 4.0× 107 s−1 and 3.4× 107 s−1, respectively. Meanwhile, non-
radiative rate constants, knr, of FEM and CATPA only show
a slight increase (Table 1), whereas the kr of CACz (1.2× 108 s−1)
in solution is 16 to 20 times higher than those of FEM and
CATPA. From solution to solid state, the kr of CACz decreases by
about 6-fold to 2.0 × 107 s−1, and the knr of CACz also decreases
from 1.5 × 109 s−1 to 4.1 × 108 s−1.

These phenomena could be ascribed to the following: (i) in the
solution, the vibration of quinoidal ring A and free rotation of the
Film

knr
g

(s−1)
labs
(nm)

lem
(nm)

FF

(%)
s
(ns)

kr
(s−1)

knr
(s−1)

5.7 × 108 378,
490

633 6.2 1.54 4.0 × 107 6.1 × 108

6.2 × 108 367,
506

626 4.8 1.40 3.4 × 107 6.8 × 108

1.5 × 109 466 586 4.8 2.35 2.0 × 107 4.1 × 108

nt (M−1 cm−1) at the wavelength of the absorption maximum in the low-
luminescence quantum yield. e s: uorescence lifetimes were measured
e rate constants were calculated with kr = FF/s.

g knr: nonradiative rate

Chem. Sci., 2024, 15, 9087–9095 | 9089
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phenyl ring B (Fig. 1) in FEM and CATPA would release some
energy from their excited states and consequently result in low
PLQYs; (ii) in the solid state, the motions of ring A and ring B in
FEM and CATPA are restricted, causing their increased PLQYs;
and (iii) due to the rigid chromophores of CACz, more energy of
the excited states could be released in a radiative way, conse-
quently causing its moderate PLQYs in solution and lm state.

Electrochemical properties and chemical oxidation

FEM and CATPA display only one reversible oxidation wave with
half-wave potential, E1/2ox , at −0.23 V and −0.14 V (vs. Fc+/Fc
couple) and irreversible reduction wave with half-wave poten-
tial, E1/2red, at −2.36 V, −2.33 V, respectively (Fig. S6a, b and Table
S2 in ESI†). CACz in 1,2-dichlorobenzene at 80 °C displays only
a reversible oxidation wave with E1/2ox at 0.00 V, and no reduction
wave could be observed (Fig. S6c in ESI†).

The dication FEM2(c+)(SbF6
−)2 and triradical trication

CATPA3(c+)(SbF6
−)3/CACz

3(c+)(SbF6
−)3 were generated in dry DCM

by adding two and three equivalents of silver hexa-
uoroantimonate (AgSbF6) to their neutral compounds, and they
showed intense ESR signals in solution with g values of 2.0027
and 2.0028/2.0030 (Fig. S3†), respectively. Additionally,
FEM2(c+)(SbF6

−)2, CATPA3(c+)(SbF6
−)3 and CACz3(c+)(SbF6

−)3
exhibit similar broad long-wavelength absorption bands with
Fig. 3 (a) UV-Vis-NIR absorption spectra for FEM, FEM2(c+) and FEM4+

generated by chemical titration with AgSbF6. (b) UV-vis-NIR absorp-
tion spectra for CATPA, CATPA3(c+) and CATPA6+. (c) UV-vis-NIR
absorption spectra for CACz, CACz3(c+) and CACz6+ (insets are their
photographs in DCM). N: neutral; DC: dication; TrC: trication; TeC:
tetracation; HC: hexacation.

9090 | Chem. Sci., 2024, 15, 9087–9095
lmax at 1000/1183, 990/1169 and 919/1072 nm, respectively (Fig. 3,
S7a, S8a and S9a†). DFT calculations revealed that
FEM2(c+)(SbF6

−)2 and CATPA3(c+)(SbF6
−)3/CACz

3(c+)(SbF6
−)3

contain two or three separated mono radicals with spin densities
located at each quinoidal arm, respectively (Fig. S10†). The tet-
racation FEM4+(SbF6

−)4 and hexacations CATPA6+(SbF6
−)6/

CACz6+(SbF6
−)6 were generated by chemical oxidation with four

and six equivalents of AgSbF6, respectively. These tetra- and
hexacations are all ESR silent and show clear 1H NMR spectra at
298 K (Fig. S32, S40 and S47†), indicating their closed-shell
character. The protons of FEM4+(SbF6

−)4 and CATPA6+(SbF6
−)6

are well assigned by 2D ROESY NMR (Fig. S49, S50 and S52†). UV-
Vis-NIR absorption spectra for FEM4+(SbF6

−)4 display two major
absorption bands with lmax at 344/511 nm. UV-Vis-NIR absorp-
tion spectra for CATPA6+(SbF6

−)6 and CACz6+(SbF6
−)6 show

a main peak at 505 and 419 nm with a shoulder band at 600 and
500 nm extended to the near-infrared region, respectively.

Intramolecular dynamic motions

The space-conned structures of the gure-eight and cage
molecules provoked us to investigate their molecular dynamics.
Variable-temperature (VT) 1H NMR spectra for FEM in toluene-
Fig. 4 VT 1H NMR spectra (aromatic region) for (a) FEM and (b)
FEM4+(SbF6

−)4 in toluene-d8. Dashed lines showed the changes of
protons on the A (red), B (blue) and C (green) rings with temperature. *
indicates the residue from toluene-d8. One quarter of the chemical
structure of FEM and FEM4+ is shown.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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d8 (Fig. 4a) show that, upon cooling, protons k of mesityl groups
on N atoms split into two singlet peaks (k and k0) with coales-
cence temperature (Tc) at 343 K, indicating the slowed-down
rotation of the mesityl groups. From 363 K to 203 K, protons c
and d on ring B also gradually become broad and fully coalesce
at 213 K. Limited by the solubility of FEM in toluene, all the
other peaks in the aromatic region become broad upon further
cooling. Similar to other macrocyclic skeletons,13 this
phenomenon can be explained by the ipping ceasing process
of B rings at low temperature, which caused the low-eld
movement of proton b with a Dd of 0.44 ppm. DFT calculated
the strain energy of FEM via hypothetical homodesmotic reac-
tions14 (Scheme S1 in ESI†) to be −9.0 kcal mol−1, which is
much smaller than those of all-benzenoid aromatic nanohoops
and nanobelts5a,b,15 for the introduction of bridged atoms.

VT 1H NMR spectra for FEM4+(SbF6
−)4 in CD2Cl2 are shown

in Fig. 4b. At 298 K, protons c and d on the B rings split into two
sets of signals for the formation of localized N+-doped p-QDMs,
accompanied by the formation of benzenoid A rings with two
protons a and b merging into one a & b peak. Upon cooling, the
ipping of C rings slows down, and the resonances of protons e
and f coalesce at 278 K and nally split into two sets of signals e/
e0 and f/f0 at 243 K. Upon further cooling, protons a & b also
gradually coalesce at 193 K. The exchange rate constants (k) of
Fig. 5 (a) DFT optimized structure of FEM (M-enantiomer) and (b) X-ray
enantiomer was shown only). (c and d) Packing motifs of FEM4+(PF6

−)4 w
are shown in light blue colour, and M-enantiomers are shown in light
molecules are omitted.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the protons on the C rings at different temperatures were ob-
tained by line shape analysis (Section 2 in the ESI†), and tting
of the data by the Eyring equation (ln(k/T) = −(DH‡/R)$1/T +
ln(kB/h) + DS‡/R) gave thermodynamic parameters DH‡ = 22.1 ±

0.5 kcal mol−1 and DS‡ = 32.8 ± 1.7 cal (mol−1 K−1) (Table S1
and Fig. S1 in ESI†). Accordingly, the interconversion energy
DG‡ of the C rings at 243 K was estimated to be 13.0 ±

0.9 kcal mol−1. This can be explained by its more conned
structure induced by two newly formed N+-doped p-QDMs and
the corresponding Coulomb repulsion between two positively
charges. Therefore, DFT calculations gave a larger strain energy
of −24.7 kcal mol−1 (Scheme S1 in ESI†).

VT 1H NMR spectra for CATPA in toluene-d8 (Fig. S4 in ESI†)
show that p-tolyl groups on N atoms can freely rotate even
upon cooling due to its lower steric hindrance. Protons c and
d on ring B gradually become broad, and fully coalesce around
208 K. Proton b also shows low-eld movement upon cooling;
however, the small Dd of 0.17 ppm indicates the weak
deshielding effect from the B rings. This could originate from
its small strain energy of −7.3 kcal mol−1 (Scheme S1 in ESI†).
In VT 1H NMR spectra for CATPA6+(SbF6

−)6 (Fig. S5†), upon
cooling, protons (c, c0, d and d0) on the ring B show slight high-
eld movement, which could be ascribed to the weak shielding
effect of the A and C rings.
crystallographic structure of FEM4+(PF6
−)4 with top and side views (M-

ere shown in space filling model with side and top view. P-Enantiomers
grey colour; counter anions are shown in light green colour. Solvent

Chem. Sci., 2024, 15, 9087–9095 | 9091
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Ground-state geometry

The geometry of FEM (M-enantiomer) was optimized by DFT
calculations (Fig. 5a). The dihedral angles of the rings A, B and
C with respect to the plane of each half, determined using the
sp3 C atom on spirouorene (SBF) and two meso C atoms, are
13.4°, 26.9°/33.4°, and 44.1°/43.0°, respectively. Obviously, the A
rings are less distorted than the B and C rings due to the qui-
noidal character of the A rings. In each half-cycle, ve phenyl
rings show alternating up-down conformation, which can help
to release the strain energy caused by the steric repulsion.

FEM4+(PF6
−)4 was obtained by the chemical oxidation of

FEM with four equivalents of silver hexauorophosphate
(AgPF6). The

1H NMR spectrum of FEM4+(PF6
−)4 (Fig. S34 in

ESI†) is almost identical to that of FEM4+(SbF6
−)4. Single-crystal

FEM4+(PF6
−)4 (ref. 16) (Fig. 5b–d) crystalizes in the P�1 group,

and the four counter anions PF6
− are located well above and

below the center of each half-cycle (Fig. 5b). The angle between
the two phenyl rings of SBF in one half-cycle is 88.0°. Similarly,
the phenyl rings in each half also show alternating up-down
conformation. In its packing structure (Fig. 5c and d), the P-
enantiomer (light blue) and M-enantiomer (grey) are arranged
in a three-dimensional (3D) superstructure. Along the a axis
(Fig. 5c and S16a in ESI†), P-enantiomers and M-enantiomers
Fig. 6 X-ray crystallographic structure of CACz6+(SbF6
−)6 with (a) top v

shown in a space filling model with top and side views. Two layers in alte
shown in light green colour.

9092 | Chem. Sci., 2024, 15, 9087–9095
are overlapped alternatingly with their half of the molecules,
forming a columnar structure. The top view of the packing
along the bc plane is shown in Fig. 5d and 16b in the ESI.† This
packing structure is stabilized by multiple [C–H/F] (2.294(6)–
2.669(6) Å, Fig. S17a and Table S11 in ESI†) and [C/F]
(3.048(10)/3.055(13)/3.164(11) Å, Fig. S17b and Table S12 in
ESI†) and [C–H/C] (2.713(12)–2.896(12) Å, Fig. S17c and Table
S13 in ESI†) interactions, which leads to the formation of
a closely packed 3D network. For comparison, dihedral angles
(Fig. 5b) of the A, B and C rings of FEM4+(PF6

−)4 with respect to
the plane of each half determined using the sp3 C atom on SBF
and two meso C atoms are 34.4(2)°/35.1(2)°, 11.7(3)°/18.5(2)°/
10.0(2)°/17.2(2)°, and 44.2(2)°/44.1(2)°/46.1(3)°/44.9(2)°,
respectively. Compared to the neutral structure, the four B rings
become less distorted than A rings and C rings due to their
quinoidal structures.

Localized orbital locator (LOL) p-electrons analysis was
performed based on wavefunction analysis code Multiwfn17 to
investigate the p-conjugated pathway. The LOL-p isosurface
maps of FEM and FEM4+ with an isovalue of 0.2 (Fig. 1 and S13
in ESI†) reveal that the p-electrons are delocalized along entire
molecular backbones except for sp3 C, indicating a fully
conjugated structure. For FEM and FEM4+, two twisted gure-
iew and (b) side view. (c and d) Packing motifs of CACz6+(SbF6
−)6 are

rnative colours of grey and purple are shown, and counter anions are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Photoluminescence (PL) spectra (1.5 × 10−5 m, lex = 400 nm)
for (a) FEM and (b) CATPA in THF/H2O mixed solvents with different
H2O fractions (fw) (insets are PL photographs of FEM and CATPA with
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eight p-electron pathways catenate together, and each one
shows near-planar p-conjugation along two half-cycles at the
same side of the molecular surface and radial p-conjugation2

along the central SBF unit (Fig. S13†). In addition, the calcu-
lated anisotropy of the induced current density (ACID)18 plots of
FEM and FEM4+ (Fig. S15 in ESI†) show their quinoidal struc-
tures and localized aromatic phenyl rings. Similarly, CATPA,
CATPA6+, CACz and CACz6+ are also fully conjugated cages with
localized aromatic character (Fig. 1 and S14 in the ESI†).

Single-crystal CACz6+(SbF6
−)6 (ref. 16) crystalizes in the P�62c

group, with six SbF6
− counter anions located around CACz6+,

with twelve occupied positions owing to the random distribu-
tion of SbF6

− (Fig. 6a and b). In its packing structure (Fig. 6c),
a hexagonal lattice layer is formed with one CACz6+(SbF6

−)6
molecule surrounded by six neighbour molecules in one layer.
Three CACz6+(SbF6

−)6 molecules form a triangle structure with
one arm going to the concave position of adjacent molecules,
which is also stabilized by the [C/F] (3.05(4) Å) interaction of
SbF6

− and carbons on ring A, multiple [C–H/F] (2.39(2)–2.55(2)
Å) interactions of SbF6

− and protons on the ring B, mesityl
group and central phenyl ring (Fig. S18a and Table S14 in ESI†),
[C/C] (3.22(3) Å) and multiple [C–H/C] interactions (2.79(2)–
2.852(17) Å) between the ring B and neighbouring carbazoles
(Fig. S18b and Table S15 in ESI†). Along the c axis,
CACz6+(SbF6

−)6 molecules arrange themselves in columnar
fashion, with two neighbouring molecules featuring a rotation
angle of 39.0(13)° andp–p overlap distance of 3.87(3) Å between
the two central phenyl rings (Fig. 6d). Additionally, the rotation
of two stacking molecules leads to three sets of carbazole
moieties exhibiting p–p overlap distances of around 3.39(5) Å–
3.57(2) Å, resulting in the formation of an interpenetrating
column structure.
different water fractions under 365 nm UV irradiation).
Aggregation-induced emission

Considering the increased PLQYs of FEM/CATPA and decreased
PLQY of CACz from solution to the solid state, photo-
luminescence measurements were conducted in THF/H2O
mixed solvents with different water fractions to examine their
potential AIE behavior.19 As shown in Fig. 7, by increasing the
water fraction (fw) of the mixed solvents, the emission intensity
of FEM and CATPA increased, accompanied by a slight blue
shi of the wavelength of the emission maximum. Eventually,
the ratio of I/I0 (I0 and I represent the emission intensity at the
maximum emission wavelength when fw is 0% and corre-
sponding water fractions, respectively) reached maximum
saturation values of 38 and 23 for FEM and CATPA, respectively.
Therefore, both compounds showed the typical phenomena of
AIE uorogens (AIEgens), whereas CACz did not show AIE
behavior (Fig. S21†).

Molecular uorescence dynamics indicate that the knr/kr
ratios of FEM and CATPA decreased from 98 and 83 in solution
to 15 and 20 in the solid state, respectively. Therefore, the weak
emissions of FEM and CATPA in pure THF solution can be
ascribed to the non-radiative energy consumption. Since their
HOMO−n and LUMO+m (n, m = 0, 1 and 2) coefficients are
mainly localized on quinoidal arms, their emission band can be
© 2024 The Author(s). Published by the Royal Society of Chemistry
signicantly affected by the intramolecular motions of the A
and B rings. The energy of the excited state would probably be
released by free intramolecular rotations of the B rings or
vibrations of p-QDM A units in the solution. With the increase
of the water fraction, the formation of aggregates would limit
the free motions of these rings. Therefore, the AIE phenomena
of FEM and CATPA can be explained by the restriction of the
intramolecular motion mechanism observed in other AIEgen
systems.19 Our ndings here provide a new class of quinoidal
AIEgens with orange light emission.
Conclusions

Spirouorene-bridged gure-eight shaped macrocycle FEM and
1,3,5-tribenzene-bridged cage molecules CATPA/CACz were
facilely synthesized by intermolecular Friedel–Cras alkylation
followed by oxidative dehydrogenation. Four-electron and six-
electron chemical oxidation produced their respective tetraca-
tion FEM4+ and hexacation CATPA6+/CACz6+. Single-crystal
analysis of FEM4+ revealed its gure-eight geometry with
a closely packed 3D network. Single-crystal analysis of
CACz6+(SbF6

−)6 revealed its cage geometry and tightly packed
Chem. Sci., 2024, 15, 9087–9095 | 9093
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interpenetrating hexagonal lattice structure. VT-NMR
measurements of FEM/CATPA and FEM4+ clearly revealed
their unique temperature-dependent intramolecular dynamic
motions, which originated from their space-conned chemical
structures. This dynamic process has a signicant impact on
their emission properties from solution to aggregate or solid
state, and AIE behavior was observed for FEM/CATPA, whereas
CACz with a rigid conjugated structure showed no AIE behavior.
The macrocyclic and cage-like structures reported in this work
are also a new class of quinoidal AIEgens and are a good
addition to the AIE family. Our dynamic covalent chemistry
method provides an efficient approach that could be used to
synthesize conjugated 2D or 3D architectures with different
topologies and novel optoelectronic properties in the future.

Data availability
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theoretical calculation results are available in the ESI.†
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