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A new type of perylene bisimide (PBI) cyclophane in which two PBI chromophores were linked via an azo-
benzene (Azo) bridge was designed and synthesized. It was found that the integration of electron-donat-
ing azobenzene and electron-deficient PBI in a well-defined cyclophane enables the regulation of the
fluorescence lifetime and quantum yield of the PBI units. With the aid of a high efficiency trans — cis
transformation of the azobenzene moiety, the PBI-PBI chromophore distance can be effectively con-
trolled as revealed by exciton coupling and density functional theory (DFT) computation, leading to
additional non-radiative decay pathways and a pronounced fluorescence quenching due to cooperative
adjustments of PBI-PBI and PBI-Azo interactions. Reversible fluorescence intensity switching for at least
five cycles was successfully achieved with alternate UV and visible light irradiation. These well-controlled
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Introduction

Macrocycles and cyclophanes,"™ developed by Cram, Lehn
and Pederson for molecular recognition, constitute the first
examples of synthetic supramolecular elements.* More
recently, to meet the developing requirements of smart supra-
molecular materials,”® dynamic macrocycles and cyclophanes
responding to external stimuli have gained increasing atten-
tion due to their key roles in designing smart fluorescent
materials,"®™* molecular machines,"* and controlled supramo-
lecular transport systems.'>'® However, among the reported
stimuli-responsive macrocycles, dynamic cyclophanes are less
studied,"”*® partly due to their relatively rigid conformations
and synthetic challenges from the build-up of strain.
PBI-based cyclophanes are of particular interest due to the
high photoluminescence quantum yield and robust photo and
chemical stability of PBIs.'”*° However, because of the poor
solubility and strong aggregation tendency of unsubstituted
PBIs, the synthesis of PBI cyclophanes is quite challenging
and only a few examples have been reported so far
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ric interactions but also contribute to the development of stimuli-responsive luminescent macrocycles.

(Fig. 1a).>'*® Furthermore, due to the strong attraction of
PBIs, there are no cavities provided by these cyclophanes for
the complexation of guest molecules. Only in 2015, our group
successfully reported a new type of PBI cyclophane bearing an
open cavity by utilizing tetra-ter¢-butylphenoxy substituted per-
ylene bisanhydride as an easily soluble precursor and toluene
as the solvent and template for the cyclization reaction.>®
Based on this high efficiency cyclization method, a PBI cyclo-
phane library was established by our group using various CH,—
arylene-CH, linkers.>”*' The structure-property investigation
of this PBI cyclophane library clearly clarified that the length
of the linker could effectively control the interchromophoric
distances and therefore significantly affect both PBI-PBI inter-
actions and recognition properties for polycyclic aromatic
hydrocarbon guest molecules.®**** Inspired by these discov-
eries, we envisioned a dynamic PBI cyclophane by using a
photoresponsive moiety as a linker, which is expected to rever-
sibly regulate the PBI-PBI interchromophoric interactions and
further modulate the fluorescence properties of the PBI units.
Accordingly, the family of PBI cyclophanes could be enriched
with a new supramolecular element that is the first one
bearing a light-switchable architecture (Fig. 1b).

Thus, we herein report a dynamic supramolecular macro-
cycle by the cyclization of two azobenzene moieties and two
PBI luminophores into cyclophane APC (Azo-PBI cyclophane),
whose fluorescence intensity can be reversibly regulated under
UV and visible light irradiation. At the thermal equilibrium
state, both azobenzene units are mainly in the ¢rans-configur-
ation. The relatively long molecular length of trans-Azo led to
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Fig. 1 Schematic illustration of PBI cyclophane supramolecular
elements. (a) Representative PBI cyclophane supramolecular elements
with rigid linkers. (b) PBI cyclophane supramolecular element with
photoresponsive linkers, which showed reversible structural and fluor-
escence switching under alternate UV and visible light irradiation. Notes:
The bay-position substituents of the PBIs are omitted for clarity. For
details of the PBI cyclophane structures illustrated in (a), the original lit-
erature reports?~2° should be consulted.

the formation of a large cavity for the cyclophane, resulting in
weak exciton coupling between the PBI units.**** Under UV
irradiation (Aex = 350 nm) for several seconds, the azobenzene
groups undergo a trans — cis transformation, resulting in the
formation of a photostationary state of APC (PSS-APC). Such a
light-initialized isomerization process effectively changed the
molecular geometry and electronic properties of APC. As a
result, the FLQY and fluorescence intensity of PSS-APC wea-
kened compared with those of its ¢trans-trans counterpart due
to cooperative adjustments of PBI-PBI and PBI-Azo inter-
actions. Back-switching from PSS-APC to the initial ¢trans-trans
APC (abbreviated as t¢rans-APC) could be realized by visible
light irradiation. Up to five cycles of fluorescence switching
using alternate UV and visible light irradiation proved to be a
macrocycle fluorescence switch with fatigue resistance, which
might enable potential applications in smart photoresponsive
fluorescent probes and controlled supramolecular transport
systems.

Results and discussion

APC was synthesized according to the route shown in
Scheme 1 and S1 (ESIf). The two precursor components, azo-
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Scheme 1 The synthetic route towards PBI cyclophane APC. In
addition, the chemical structure of Ref-PBI?’ is shown, which is used as
a reference compound.

and perylene bisanhydride 5,°°% were

synthesized following literature-known procedures. Equal
equivalents of 3 and 5 were then refluxed in anhydrous
toluene under a nitrogen atmosphere for 16 h in the presence
of an excess amount of imidazole. After purification by flash
column chromatography and recycling gel permeation chrom-
atography, APC was obtained as a red-brown solid in a yield of
25%. APC was characterized by its melting point, and
'"H-NMR, »C-NMR spectroscopy and high-resolution mass
spectrometry (Fig. S1-4, ESIT).

First, UV/Vis spectra of reference compounds 2 and Ref-PBI
(for the chemical structure, see Scheme 1) were recorded to
investigate the optical properties of the pristine linker and PBI
moiety. The absorption maximum of Ref-PBI in dichloro-
methane is located at 588 nm with a vibronic progression at
547 nm (Fig. 2a, blue line, and Table 1). Furthermore, an
additional absorption band is present at 454 nm, which can be
assigned to the S, — S, transition.”” In contrast, reference azo-
benzene 2 shows significant absorption at shorter wavelengths
with a maximum at 343 nm (Fig. 2a, black line), whereas Ref-
PBI shows only weak absorption. Hence, a selective excitation
of the azobenzene moiety can be realized in the presence of a
PBI chromophore. The validity of this strategy is well proven by
control experiments. As shown in Fig. S7 (ESIf), 350 nm UV
irradiation of a mixture of 2/Ref-PBI (1: 1 in molar ratio) led to
a significant decrease of trans-azobenzene absorption at
343 nm, which is a signature for the ¢trans — cis transformation

benzene diamine 3*°

Org. Chem. Front, 2021, 8,1424-1430 | 1425
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Fig. 2 Spectroscopic study of reference compounds and APC. (a) UV-
vis absorption spectrum of Ref-PBI (blue line) and reference azobenzene
2 before (black line) and after UV irradiation for 1 min (red line) at 298 K,
[Ref-PBI] = [2] = 5.0 x 107% M in DCM. (b) UV-vis absorption (black line),
fluorescence (lox = 550 nm, magenta line) and excitation spectra (lex =
670 nm, scan from 300 to 650 nm, blue line) of APC at 298 K, [APC] =
5.0 x 107° M in CHCls.

Table 1 Absorption and fluorescence

dichloromethane

properties of APC in

Trans-APC PSS-APC* Ref-PBI*°
Aabs(Ao—o)/nm 583 586 588
Jabs(Ao_1)/Mm 545 548 547
AoolAo 1 1.44 1.41 1.66
Emax(Ag_0)/M ™' em™! 75670 73 870 41000
EmaxlAo_1)/M " em™! 52510 52150 24700
Jem/NM 626 626 620
Absgores/cm™ 1196 1183 878
FLQY® 0.16 0.07 0.97
Lifetime® 2.6 ns 2.6 ns 6.5 ns
kq [10° s‘jd 0.62 0.27 1.49
ke [10% 5714 3.23 3.58 0.05

“ Photostationary state APC after UV irradiation for 1 min. ? Absolute
FLQY method using an integrating sphere at an excitation wavelength
of 510 nm.  The wavelength of the pulsed laser diode is 505.8 nm, and
the emission intensity was monitored at 650 nm. ¢ Determined accord-
ing to kg = @qa/rg and ki, = 1/7q — ka.

of azobenzene.’® The photoisomerization efficiency of refer-
ence azobenzene 2 is calculated to be about 70% according to
the evaluation of both NMR and UV-vis experiments (Fig. S5-7,
ESIT).

The basic optical properties of PBI cyclophane APC were
then examined by UV-vis absorption and fluorescence spec-
troscopy in CHCI; due to its good solubility in this solvent. As
shown in Fig. 2b, the characteristic absorption peaks of Ay
and A,_, vibronic transitions are located at 589 and 550 nm,
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respectively. The A, o/A¢_; ratio, which can be used as an indi-
cator for revealing H- or J-aggregates for PBI
chromophores,**® amounts to 1.50. This value is smaller
than that of Ref-PBI (1.66, Table 1) and indicates weak
exciton-vibrational coupling between the PBI chromophores
within the cyclophane. The fluorescence spectrum was
obtained by excitation in the PBI S, — S; absorption region
(Aex = 550 nm), which showed an emission band in the wave-
length region of 560-800 nm (Fig. 2b, magenta line).

The photoisomerization experiments of APC were then
studied by UV-vis absorption, fluorescence and NMR spec-
troscopy. As shown in Fig. S8a,} after 10 s UV irradiation (dex =
350 nm), the absorption peak at 328 nm ascribed to the trans-
Azo moiety drops but remains almost unchanged in the follow-
ing longer irradiation time (30 s and 60 s), which proves that a
photostationary state is achieved under these irradiation con-
ditions. The corresponding cis-Azo absorption peak, which
should be observed at about 440 nm (Fig. 2a), is buried under
the Sy — S, absorption band of the PBI units (4. = 455 nm).
The PBI emission shows only a slight decrease after UV
irradiation (Fig. S9, ESIt). The trans — cis transformation ratio
of APC in chloroform was calculated to be about 22% based on
NMR and UV-vis spectra (Fig. S10 and S11, ESI). Although the
photoisomerization shows good reversibility (Fig. S8c¢ and d,
ESIT), the relatively low conversion rate limits its potential
application.*!

However, the trans — cis conversion ratio could be signifi-
cantly enhanced by changing the solvent. Accordingly, time-
dependent UV-vis spectra of cyclophane APC after variable UV
irradiation time were recorded in dichloromethane. As shown
in Fig. 3a, the absorption peak at 343 nm assigned to trans-Azo
decreases significantly upon UV irradiation. After 70 s UV
irradiation, the photostationary state is achieved, showing neg-
ligible absorption change compared with that after 60 s
irradiation. However, due to the poor solubility of APC in di-
chloromethane at the NMR concentration scale (mM), the
trans — cis transformation efficiency of APC could be only esti-
mated by UV-vis spectroscopy (Fig. S12, ESIf), giving a value of
80%. Notably, the absorption maximum of PBI shows a small
bathochromic shift from 583 to 586 nm, and the Ay o/Ay_; ratio
is slightly reduced from 1.44 to 1.41 (Table 1) upon photoi-
somerization, which reveals an increase of the exciton coup-
ling strength between the two PBI chromophores within the
cyclophane due to the decrease of the PBI-PBI distance. In
addition, the quantum yield of APC decreased from 16% to
7% after UV irradiation (Table 1) accompanied by a decrease of
fluorescence emission intensity. As shown in Fig. 3c, fluo-
rescence intensity decreases drastically in the first 10 s of
irradiation and reaches the final photostationary state after
60 s, which shows a weakened fluorescence intensity compared
with the initial state.

Back-switching from PSS-APC to trans-APC was studied by
time-dependent absorption and emission spectroscopy to
evaluate the reversible capability. After irradiating with visible
light for 30 min (Fig. 3b), PSS-APC can be almost totally
switched back to the initial thermodynamically stable trans-

This journal is © the Partner Organisations 2021
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Fig. 3 Time-dependent photoisomerization experiments based on UV-
vis and fluorescence spectroscopy, [APC] = 8.6 x 107 M in DCM, 298 K.
(a) The changes of UV-vis spectra after different UV irradiation time. The
spectra of the initial trans-APC state (solid magenta line) and the final
PSS state after 70 s irradiation (solid blue line) are shown. (b) The change
of UV-vis spectra after different visible light irradiation time. The initial
PSS-APC (solid blue line), the final state after 30 min visible light
irradiation (solid black line) and the thermodynamically stable trans-APC
(solid magenta line) are shown. (c) The change of fluorescence spectra
after different UV irradiation time showing the initial trans-APC (dashed
magenta line) and the final PSS-APC after 60 s UV irradiation (dashed
black line). (d) The change of fluorescence spectra after different visible
light irradiation time showing the UV-illuminated photostationary state
(dashed black line) and the final state after 8 min visible light irradiation
(dashed magenta line). All the grey lines represent intermediate states
under different irradiation time.

state. In our experiments, fluorescence intensity shows a faster
recovery rate (only 8 minutes) than the recovery of the initial
UV-vis absorption spectrum because of the lower concen-
tration of cyclophane APC for fluorescence measurements,
which is an order of magnitude smaller than the one applied
in UV-vis spectroscopy. By alternate UV and visible light
irradiation (Fig. 4), trans- and PSS-APC states were successfully
switched for five cycles, revealing no indication of efficiency
decrease or degradation as demonstrated by the absorption
intensity at 343 nm ascribed to trans-azobenzene (Fig. 4b) as
well as by the PBI emission band at 621 nm (Fig. 4d), which
indicates a fatigue resistance photoswitch.

The optical properties of APC before and after UV
irradiation are summarized in Table 1. The excitation spec-
trum (Fig. 2b, blue line) reveals that the azobenzene absorp-
tion also contributes to the PBI emission. In addition, the fluo-
rescence quantum yield of APC by excitation of both the azo-
benzene part (Agx = 350 nm) and the PBI part (dgx = 510 nm)
gave the same value of 16% (Table S1, ESIf), which reveals an
energy transfer process from the excited trans-Azo* to PBI.
This conclusion is in agreement with the work of Miillen and
coworkers.*” They have proved an efficient energy transfer in
an Azo-PBI dendrimer from the excited Azo* moiety to the PBI
chromophore by fluorescence and ultrafast transient absorp-
tion spectroscopy. It was also shown that after energy transfer,
the excited PBI undergoes a radiative relaxation to the ground

This journal is © the Partner Organisations 2021
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Fig. 4 Absorption and emission spectrum switching under alternate UV
(350 nm) and visible light irradiation. (a) UV-vis absorption spectra of
cyclophane APC ([APC] = 8.6 x 10°® M in DCM). (b) Change of azo-
benzene absorption at 343 nm. (c) Fluorescence spectra of APC. (d) The
emission intensity changes at 621 nm. The UV irradiation time is 60 s for
each cycle and the visible light irradiation time is 10 min.

state with the lifetime (several nanoseconds) as observed when
only the PBI unit is excited at 570 nm. For our system, both
the fluorescence quantum yield and lifetime of APC are
obviously smaller than those of Ref-PBI (Table 1), which indi-
cates an efficient nonradiative decay process.

To gain insight into the molecular geometries and elec-
tronic structures of trans-trans APC and cis-cis APC, theoretical
calculations were carried out using density functional theory
(DFT) at the B3LYP 6-31 G(d,p) level.”’ The geometry-optimized
structures are shown in Fig. 5. Accordingly, for the trans-trans
isomer, the distance between the planes of the two PBI
chromophores is about 12 A (Fig. 5a), which explains the weak
exciton coupling as is evident from the Ay_o/Ao-; ratio in the
absorption spectrum of ¢rans-APC, which is slightly smaller
than that of individual Ref-PBI (Table 1). For the cis—cis state,
the distance between the two PBI planes is shortened to 7.6 A
(Fig. 5¢), which is reflected in the further decrease of the Ay_o/
Ay, ratio from 1.44 to 1.41 (Table 1). A comparison of the
quantum yields of trans-APC and PSS-APC with the values
obtained for PBI cyclophanes with a similar interchromopho-
ric distance but without the presence of an azobenzene
moiety”® reveals a strong decrease of the quantum yield for
trans-APC and PSS-APC. Hence, the azobenzene moiety used
by us leads to pronounced fluorescence quenching. We attri-
bute this to an electron transfer from the azobenzene moiety
to the photoexcited PBI moiety. An MO analysis (Fig. S14 and
S15, ESIt) reveals pairwise orbitals due to slight differences in
the respective PBI and Azo units. Both frontier orbitals, ie.,
the HOMO (and HOMO-1) as well as LUMO (and LUMO+1)
are located on the PBI subunits. However, the orbitals
HOMO-2 and HOMO-3 of cis-APC, both of which have a large
coefficient on the azobenzene moiety (Fig. 5e and Fig. S15,
ESI}), are only ~0.1 eV lower in energy than the HOMO

Org. Chem. Front,, 2021, 8,1424-1430 | 1427
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Fig. 5 Density functional theory calculated structures of (a and b)
trans—trans APC and (c and d) cis—cis APC. (e) lllustration of energy
levels and molecular orbitals of cis—cis APC. Gaussian 09, B3LYP/6-31G
(d,p) level. All hydrogen atoms are omitted for clarity.

(Fig. S13t), which is located at one of the PBI chromophores
(Fig. 5e). Thus, considering conformational motions that are
pronounced for both the cis-Azo and the tetraphenoxy-PBI**
subunits, an electron can be transferred from the azobenzene
moiety to the PBI moiety after photoexcitation of PBI.
However, the energy difference for t¢rans-APC (~0.5 eV,
Fig. S137) is larger than that for cis-APC. Therefore, while
photo-induced electron transfer is the most likely origin of the
strong fluorescence quenching of cis-APC, another quenching
mechanism might be operative for ¢trans-APC.

Because some PBI cyclophanes studied in our earlier work
polycyclic  aromatic
and even for some alkaloids,* we also per-

were excellent hosts for several
hydrocarbons®®*®
formed UV-vis and fluorescence titration experiments with a
variety of guests (Fig. S16 and S177), e.g., naphthalene, 1,5-
dimethoxynaphthalene, 1,1-biphenyl, 1-phenylnaphthalene,
anthracene, phenanthrene, and pyrene, for both ¢trans-APC and
PSS-APC states in dichloromethane. However, no evidence for
binding was observed, which suggests that neither the cavities
formed by trans- nor those by cis-azobenzene pillar units
provide a suitable preorganization for the complexation of aro-

matic guest molecules.
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Conclusions

In summary, an azobenzene-bridged perylene bisimide cyclo-
phane was synthesized and characterized. Our spectroscopic
studies in combination with theoretical calculations indicate a
pronounced electronic communication between the azo-
benzene and PBI chromophores, as is evident from the signifi-
cant fluorescence quenching of the PBI units. Notably, a
photoisomerization of azobenzene 1is observed upon
irradiation with UV light. The reversible photoswitching of the
azobenzene chromophore under UV and visible light
irradiation is accompanied by pronounced structural and elec-
tronic changes of APC, which significantly altered the cavity
size of the macrocycle and the emission behaviour of the pery-
lene bisimide chromophores. Accordingly, this work provides
insights into the design of photoresponsive luminescent
macrocycles and supramolecular elements based on PBI and
azobenzene.
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