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a b s t r a c t

Cyclo[n]Thiophenes (CnTs) are a distinctive class of π-conjugated macrocyclic molecules that have at-

tracted growing attention owing to their structural aesthetics and organic electronic characteristics. How-

ever, the development of CnTs has been largely impeded by inefficient synthetic route. In this work, we

employ a bridge strategy using bipyridine as bridge to link two quaterthiophene units resulting in Φ-

shaped bicyclosystem. This strain-retaining approach improves the synthesis efficiency of the macrocy-

cles. Two new macrocyclic molecules, (4T-2hexyl-2Me)2-DPBP and (4T-2hexyl)2-DPBP, were successfully

synthesized in total yield 17% and 16%, respectively. Single-crystal structure of (4T-2hexyl-2Me)2-DPBP

reveals that the bipyridine bridge is orthogonally strapped by two quaterthiophene units. Notably, both

compounds exhibit aggregation-induced emission enhancement (AIEE) behavior-an unprecedented fea-

ture among CnT-based macrocycles. Theoretical calculations reveal that this AIE phenomenon originates

from the restriction of intramolecular motion (RIM) in the aggregated state, which suppresses the non-

radiative decay channels. These results demonstrate a generalized strategy for the synthesis of functional

π-conjugated macrocyclic molecules based fluorescent materials.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Macrocyclic molecules, such as cycloarenes, cy-

clo[n]paraphenylenes (CPPs), and cyclo[n]thiophenes (CnTs),

characterized by unique electronic properties and structural

versatility, hold extensive potential applications in areas such

as fluorescence, donor-acceptor interactions, global aromaticity,

radical chemistry and host-guest complexes [1–7]. The study of

macrocycles has been driven by their ability to mimic natural

systems, such as the light-harvesting complexes in photosynthesis,

and by their potential to create functional materials for optoelec-

tronic devices. Cycloarenes and heterocloarenes, with distinctive

physical structures, can serve as repeat units for nanoporous

graphene, which could exploit the extended conjugated charac-

teristic of graphene [8–10]. CPPs, a class of intriguing conjugated

pure-hydrocarbon macrocycles first synthesized by Bertozzi and

colleagues, have been investigated for their potential applica-
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tions [11–15]. CnTs are considered promising organic electronic

materials in conjugated systems due to their exceptional chem-

ical stability, optoelectronic characteristics, and charge-transport

properties. Professor Peter Bäuerle and co-workers have investi-

gated various synthesis methods for α-conjugated CnTs molecules

and have reported a series of CnTs molecules exhibiting unique

optoelectronic properties [16–20]. Considering the kinetically

controlled macrocyclization reactions usually generate cyclic prod-

uct mixtures leading to low yields, template-directed synthesis

protocol may be a serviceable method to prepare macrocycles

with high yields and functional properties. Then Professor Peter

Bäuerle and co-workers developed a practical ‘metal-template

approach’ to self-assemble bis-ethynylated building blocks and

transition metal precursor complexes into stable, coordinatively

bound metallamacrocycles [21,22]. Utilizing PBI as the central core,

Frank Würthner and colleagues designed and synthesized cyclic

(5T)2-PBI and semicircle 5T-PBI, which exhibited no emission in

dichloromethane (DCM) due to a rapid Förster Resonance Energy

Transfer to the PBI acceptor unit [23]. Macrocycles TSP1 and TSP2,

strapped by PBI, also demonstrate ultrafast electron transfer and

https://doi.org/10.1016/j.cclet.2025.111989

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Y. Li, Q. Ding, W. Liu et al. Chinese Chemical Letters 37 (2026) 111989

Scheme 1. Synthesis route of (4T-2hexyl-2Me)2-DPBP and (4T-2hexyl)2-DPBP. (i) 2,5-Dimethoxytetrahydrofuran, glacial acetic acid, reflux, 24h; (ii) NBS, THF/DCM, room

temperature, overnight; (iii) Pd(PPh3)4, K2CO3, dioxane/H2O, 120 °C, 3 days; (iv) NBS, DCM, −116 °C, overnight; (v) Pd(PPh3)4, K2CO3, dioxane/H2O, 120 °C, 4 days; (vi) FeCl3,

DCM, room temperature, overnight.

sustain charge separation for an extended duration despite weak

emission in DCM and DMF [24]. In summary, research on the

synthetic yields and applications of functional CnTs and derivatives

remains limited. The key limitation for CnTs and derivatives is

the prevalence of ultrafast electron transfer, despite their limited

conjugation within such structures.

In this work, we developed a synthetic pathway that uti-

lized 5,5′-di(1H-pyrrol-1-yl)-2,2′-bipyridine (DPBP) as a bridge to

link two semicircular quaterthiophene units, resulting in two

bipyridine-bridged Φ-shaped cyclo[8]thiophenes[2]pyrrole macro-

cycles: (4T-2hexyl-2Me)2-DPBP and (4T-2hexyl)2-DPBP. Interest-

ingly, both (4T-2hexyl-2Me)2-DPBP and (4T-2hexyl)2-DPBP exhibit

pronounced AIEE when excited with 385nm light in DCM/EA (ethyl

acetate) solution. Aggregation-induced emission (AIE) phenomenon

is one of the essential subjects concerning organic luminescent

materials with a wide range of applications including biosens-

ing, optoelectronic devices, cancer diagnosis and nanodrug deliv-

ery [25–32]. The design of conjugated AIE molecules commonly

requires a suitable rotor to attenuate the energy through non-

radiative transition, as well as π-conjugated portion to limit the

intramolecular and intermolecular interactions to enhance the lu-

minescence intensity and molecular aggregation state [33–37]. De-

spite their electronic promise, CnTs and derivative molecules ex-

hibit poor luminescence owing to the absence of conjugation and

the occurrence of ultrafast electron transfer [18,23]. Compared to

prior CnTs and derivative molecules, our structures show a char-

acter: Symmetrically positioning an aromatic bridge (DPBP) across

the ring diameter suppresses detrimental torsion, preserving con-

jugation and enabling AIEE phenomenon. C10Ts commonly possess

planar conformation and the cycle diameter is commensurate with

the dimensions of bipyridine. In both bipyridine bridged macro-

cycles, the rotation of the thiophene modules is intriguingly con-

strained by the optimally sized DPBP bridge. By straddling two

semicircular quaterthiophene units, the dihedral angle between the

thiophene arms is effectively fixed, enabling AIEE behavior in both

macrocycles. We here reported the first observation of AIEE phe-

nomenon in CnTs and derivatives, which may open avenues for

functionalizing CnTs and derivatives in biomedicine and optoelec-

tronics.

Macrocycles (4T-2hexyl-2Me)2-DPBP and (4T-2hexyl)2-DPBP

were successfully synthesized through a series of reactions from

commercial starting material [2,2′-bipyridine]−5,5′-diamine, in-

cluding Paal Knorr, Wohl-Ziegler, Suzuki coupling, and Scholl re-

actions in commendable total yields of 17% and 16% (Scheme 1).

Our stepwise synthesis strategy referred to the previously re-

ported synthesis methods for macrocyclic molecules which

may be adapted to relevant synthesis with more functional

groups and ideal yields [23,24,38,39]. Details can be found in

Supporting information. [2,2′-Bipyridine]−5,5′-diamine and 2,5-

dimethoxytetrahydrofuran were dissolved in glacial acetic acid and

heated to reflux, obtaining DPBP with a yield of 67%. DPBP and N-

bromosuccinimide (NBS) were dissolved in a component solvent of

DCM and THF at ambient temperature, yielding DPBP-Br4 with a

76% efficiency. Suzuki coupling reactions of DPBP-Br4 with 2-(3-

hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane facili-

tated by K2CO3 and Pd(PPh3)4, produced compound 1 (75%). Fur-

thermore, the room temperature reaction of NBS with 1 yielded

compound 2 (84%). Another Suzuki coupling reaction of compound

2 with either 2-thiopheneyl boronic acid or 4,4,5,5-tetramethyl-2-

(3-methylthiophen-2-yl)-1,3,2-dioxaborolane, conducted at 120 °C,
yielded 3a (65%) and 3b (62%). FeCl3 was used to oxidize 3a

and 3b, obtaining (4T-2hexyl-2Me)2-DPBP in an 80% yield and

(4T-2hexyl)2-DPBP in an 80% yield. All the synthesized interme-

diates and products were characterized by 1H and 13C NMR spec-

troscopy and high-resolution mass spectrometry. 1H NMR spec-

troscopy (Fig. 1) revealed distinct differences between 3a and (4T-

2hexyl-2Me)2-DPBP. The DPBP moiety in both 3a and (4T-2hexyl-

2Me)2-DPBP is flanked by two half-oligothiophene rings, while the

H atoms of bipyridyl moiety exhibit similar peaks in 1H NMR spec-

tra. The disappearance of the d peak at the g site in 3a, along with

the transformation of the d peak at f positions in 3a transforms

into a singlet peak in (4T-2hexyl-2Me)2-DPBP, confirms the forma-

tion of (4T-2hexyl-2Me)2-DPBP and its high symmetry. Analogous

spectral changes are observed in the 1H NMR spectra of 3b and

(4T-2hexyl)2-DPBP. The disappearance of the standard dd peak at

the g site in 3b implies the successful synthesis of (4T-2hexyl)2-

DPBP. The thermogravimetric analysis (TGA) indicates that the de-

composition temperature of both (4T-2hexyl-2Me)2-DPBP and (4T-

2hexyl)2-DPBP is above 300 °C. To better understand the synthe-

sis process and the absolute structure, single crystals suitable for

X-ray diffraction analysis were grown. Single crystals of 3a, ob-

tained by recrystallization from ethanol, were yellow block crys-

tals and belonged to the P-1 space group of the triclinic system.

Unexpectedly, the thiophene groups did not form a quasi-ring in
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Fig. 1. 1H NMR spectra of (a) 3a in CDCl3 and (b) (4T-2hexyl-2Me)2-DPBP in C6D6.

crystals, while the 1H NMR spectrum indicated a high degree of

symmetry in solution. These observations strongly suggest that the

macrocycle-closing reaction occurs in the solution rather than the

solid state.

Single crystal (4T-2hexyl-2Me)2-DPBP was grown by the dif-

fusion of methanol into a solution of (4T-2hexyl-2Me)2-DPBP in

trichloromethane. (4T-2hexyl-2Me)2-DPBP crystallizes in the mon-

oclinic space group C2/m, with a quarter of (4T-2hexyl-2Me)2-DPBP

molecules in the asymmetric unit. The symmetry of space group

C2/m is higher than the triclinic P-1 in TSP2 and (5T)2-PBI. As

shown in Fig. 2, the 2,2′-bipyridine group is located in the mir-

ror plane and perpendicular to the plane of the thiophene ring.

Additionally, the 2-fold axes perpendicular to the mirror plane

pass through the center of the 2,2′-bipyridine group. Two adja-

cent methylthiophenyl groups are almost coplanar, with a small

twist angle of 0.9°. The neighboring methylthiophenyl and hexylth-

iophenyl groups exhibit a torsion angle of 30.0°, while hexylth-

iophenyl and pyrrole groups exhibit a torsion angle of 35.0°. The
slight rotation of hexylthiophenyl and pyrrole groups, acting as ro-

tors, allows the overall structure to emit fluorescence. The near-

est neighbor (4T-2hexyl-2Me)2-DPBP macrocycles are connected by

relatively weak C–H···π (3.92 Å) interactions, which may have a

minor effect on their slight rotation and enhance the conjuga-

tion in the rigid macrocycles. The C–H···π interactions are weak

and the distance (4.47 Å) between thiophene groups in adjacent

molecules exceeds the distance typically associated with π ···π in-

teractions, which may be derived from the steric effect from or-

thogonal bipyridine groups. Meanwhile, the 1H NMR also reveals

that (4T-2hexyl-2Me)2-DPBP exhibits a high degree of symmetry in

solution compared to the reported structures [23,24]. These find-

Fig. 2. (a) Crystal structure of (4T-2hexyl-2Me)2-DPBP as seen from b axis. (b)

Molecular structure of (4T-2hexyl-2Me)2-DPBP. (c) The C–H···π interactions and the

distance of thiophene groups in adjacent molecules. The hydrogen atoms, solvent

molecules as well as the partial alkyl chains are omitted for clarity.

Fig. 3. (a) UV–vis absorption spectra (c0 =5×10–5 mol/L) and (b) normalized flu-

orescence emission spectra of DPBP (black), α−4T (red), (4T-2hexyl-2Me)2-DPBP

(blue), and (4T-2hexyl)2-DPBP (orange) dissolved in DCM. Inset: Photograph of

DPBP, α−4T, (4T-2hexyl-2Me)2-DPBP, and (4T-2hexyl)2-DPBP (left to right) in nat-

ural light. (c) Emission spectra of (4T-2hexyl-2Me)2-DPBP with the excitation wave-

lengths λex =385nm. (d) Photograph of (4T-2hexyl-2Me)2-DPBP in DCM/EA system

under 365nm UV light.

ings indicate that (4T-2hexyl-2Me)2-DPBP manifests a similar con-

jugated rigid structure in both solid and solution states.

To explore the characteristics of (4T-2hexyl-2Me)2-DPBP and

(4T-2hexyl)2-DPBP, UV–vis absorption spectroscopy and steady-

state emission spectroscopy were performed on DPBP, α−4T

(2,2′:5′,2′′:5′′,2′′′-quaterthiophene), (4T-2hexyl-2Me)2-DPBP, and

(4T-2hexyl)2-DPBP as shown in Fig. 3a. Compared to the π-

π ∗ transition of α−4T and DPBP components, (4T-2hexyl-2Me)2-

DPBP and (4T-2hexyl)2-DPBP exhibit distinct vibronic fine struc-

ture in the higher energy region of UV–vis spectrum. The ab-

sorption spectrum of (4T-2hexyl-2Me)2-DPBP shows three maxi-

mum absorption peaks at 385nm (ε =51,485 L mol-1 cm-1), 313nm

(ε =37,598 L mol-1 cm-1) and 270nm (ε =36,218 L mol-1 cm-1) in

the 250–550nm range. Similarly, (4T-2hexyl)2-DPBP exhibits three

absorption peaks at 388nm (ε =35,997 L mol-1 cm-1), 316nm

(ε =30,847 L mol-1 cm-1) and 267nm (ε =28,033 L mol-1 cm-1)

within the same absorption range. Compared to the α−4T, the

maximum absorption peaks of (4T-2hexyl-2Me)2-DPBP and (4T-

3
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Fig. 4. Theoretical investigation on the AIE mechanism of (4T-2hexyl-2Me)2 -DPBP.

(a) HOMO (left) and LUMO (right) of (4T-2hexyl-2Me)2-DPBP at S0 state. (b) Scheme

of selected dihedral angles θ1–2 and θ1–3. The angle θ1–2 represents the dihedral

angle between the pyrrole and bipyridine group, while θ1–3 describes the planarity

of the thiophene ring (i.e., the dihedral angle between the pyrrole and the adjacent

thiophene). (c) Comparison of the changes in dihedral angles �θ from S0 to S1
between the isolated and aggregated states.

2hexyl)2-DPBP are blue-shifted by 7nm and 4nm, respectively, in-

dicating both 4T-bridges remain in conjugation, which is consistent

with the 1H NMR spectrum and single crystal structure.

Normalized fluorescence emission spectra of DPBP

(λex =325nm), α−4T (λex =400nm), (4T-2hexyl-2Me)2-DPBP

(λex =385nm), and (4T-2hexyl)2-DPBP (λex =385nm) in DCM

were recorded (Fig. 3b), which indicates that both (4T-2hexyl-

2Me)2-DPBP and (4T-2hexyl)2-DPBP show red-shifts compared

with DPBP and α−4T The maximum emission peaks of DPBP,

α−4T, (4T-2hexyl-2Me)2-DPBP, and (4T-2hexyl)2-DPBP are 375,

500, 635, and 585nm, respectively, which indicates the fluores-

cence emission of (4T-2hexyl-2Me)2-DPBP and (4T-2hexyl)2-DPBP

mainly originate from the thiophene rings. The solid-state fluo-

rescence of both (4T-2hexyl-2Me)2-DPBP and (4T-2hexyl)2-DPBP

exhibit similar fluorescence emission peaks with liquid state. DCM

was used as the benign solvent to investigate the fluorescence

behavior of (4T-2hexyl-2Me)2-DPBP and (4T-2hexyl)2-DPBP. When

4T-(2hexyl-2Me)2-DPBP in DCM was excited by 385nm light, it

exhibited a fluorescence emission peak at 500–800nm. When poor

solvent EA was added to the DCM solution, the mixture exhibited

distinct yellow emission. As the fEA was further increased, the FL

was significantly enhanced (Figs. 3c and d). The emission intensity

of the maximum peak at 620nm increased monotonically as the

fEA was increased from 0% to 95%, which can be attributed to the

aggregation-enhanced emission resulting from the restriction of

molecular motion with the increased intermolecular C–H···π inter-

actions. The restricted rotation of the thienyl group also leads to

a slight blue shift in the emission [40–42]. Transmission Electron

microscopy (TEM) and dynamic light scattering (DLS) results can

indicate both (4T-2hexyl-2Me)2-DPBP and (4T-2hexyl)2-DPBP have

undergone aggregation, as shown in Figs. S21, S22, S27 and S28

(Supporting informaion).

To elucidate the mechanism of AIE generation, density func-

tional theory (DFT) calculations were performed based on the

crystal structure (Fig. 4). At both the S0 and S1 optimized ge-

ometries (Figs. S29-S31 in Supporting information), the highest

occupied molecular orbital (HOMO) and the lowest unoccupied

molecular orbital (LUMO) of (4T-2hexyl-2Me)2-DPBP are delocal-

ized across the macrocyclic composed of the thiophene and pyr-

Table 1

Dihedral angles θ1–2 and θ1–3 at the S0 and S1 minimum and reorganization ener-

gies λ in the isolated and aggregated states.

Parameter The isolated state The aggregated state

S0 S1 |�(S1-S0)| S0 S1 |�(S1-S0)|

θ 1–3 (deg) −91.67 −90.05 1.62 −91.50 −88.85 2.65

θ 1–2 (deg) −50.10 −24.56 25.54 −37.88 −30.93 6.95

λ (eV) 0.93 0.47

role groups (overlap index=0.74 at S1 state), indicating a negligi-

ble intramolecular charge transfer (ICT) contribution [43–46] and a

dominant π-π ∗ transition over the conjugated structure upon pho-

toexcitation [47].

Further investigation into the geometric relaxation upon S0 →
S1 excitation reveals that the thiophene-pyrrole dihedral angle

deviation �θ1–3 decreases from 25.54° in the isolated state to

6.95° in the aggregated state, while the dihedral angle θ1–2 of the

bipyridine group and the thiophene ring shows minimal variation

(�θ1–2,isolated =1.62°, �θ1–2,aggregated =2.65°) as shown in Figs. 4b

and c. This directly visualizes the restriction of thiophene ring ro-

tation in the aggregated state. To quantify the energetic conse-

quences of this structural relaxation, we evaluated the reorganiza-

tion energy (λ) [48]. As shown in Table 1, the value of λ decreased

from 0.93 eV to 0.47 eV with the occurrence of aggregation, indi-

cating that the energy dissipation pathway dependent on molecu-

lar conformational changes is effectively suppressed. Therefore, we

attribute the AIE phenomenon to the restriction of intramolecu-

lar motion (RIM) in the aggregated state, which effectively blocks

the non-radiative decay pathway associated with conformational

changes and is consistent with the observed fluorescence enhance-

ment [49–54].

Fluorescence lifetime and quantum yields of (4T-2hexyl-2Me)2-

DPBP and (4T-2hexyl)2-DPBP were investigated in DCM/EA mix-

tures with varying volume fractions. Both (4T-2hexyl-2Me)2-DPBP

and (4T-2hexyl)2-DPBP exhibit photoluminescence under 385nm

UV irradiation, which is attributed to their conjugated struc-

tures. The average lifetime of both (4T-2hexyl-2Me)2-DPBP and

(4T-2hexyl)2-DPBP are the nanosecond level (e.g., 0.761ns for

fEA =95%, (4T-2hexyl-2Me)2-DPBP, Table S3 in Supporting infor-

mation), suggesting that their emission bands originate from S1
state. Furthermore, as the fEA increases, the average lifetime of (4T-

2hexyl-2Me)2-DPBP and (4T-2hexyl)2-DPBP increases from 613.4 ps

to 761.5 ps and from 577.2 ps to 751.7 ps, respectively. These re-

sults are consistent with those previously reported AIE charac-

teristics [55–58]. The quantum yields of (4T-2hexyl-2Me)2-DPBP

and (4T-2hexyl)2-DPBP in DCM were 0.15% and 0.41%, respectively.

Upon the addition of EA, the quantum yields gradually increased to

2.47% and 1.00%, respectively.

In conclusion, we successfully synthesized two rigid Φ-shaped

cyclo[8]thiophenes[2]pyrrole macrocyclic molecules, (4T-2hexyl-

2Me)2-DPBP and (4T-2hexyl)2-DPBP, via a rationally designed

strain-retaining bridge macrocyclization strategy. The macrocycles

were obtained in moderate total yields of 17% and 16%, re-

spectively. The incorporation of a bipyridine bridge not only im-

proves the synthetic efficiency but also imparts the macrocycles

with high symmetry and planar π-conjugation. Notably, both (4T-

2hexyl-2Me)2-DPBP and (4T-2hexyl)2-DPBP exhibit aggregation-

induced emission enhancement (AIEE)-a rare feature among CnT-

based macrocyclic molecules, which we attribute to the inter-

molecular C–H···π interaction in the aggregated state. DFT calcu-

lations also indicate that the AIE phenomenon results from the

RIM mechanism in the aggregated state. Although the fluorescence

lifetimes are shorter than those of conventional AIE-active mate-

rials, this behavior is unprecedented within the CnTs and high-

4



Y. Li, Q. Ding, W. Liu et al. Chinese Chemical Letters 37 (2026) 111989

lights a new functional potential for such macrocyclic systems.

Macrocyclic structures with AIEE properties could become high-

temperature-resistant fluorescent imaging materials, optoelectronic

devices. Overall, our findings provide a generalized approach for

constructing π-conjugated macrocycles and represent a significant

step toward developing functional organic materials with tunable

optoelectronic properties.
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