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m-temperature phosphorescence
modulated by anion–p and intermolecular
electronic coupling interactions†

Fengbo Liu, a Hai Yang,a Dongdong Sun,a Fang Gao,a Xiongzhi Zhang, ab

Zhiyong Zhao,ab Xie Hanab and Simin Liu *ab

Aqueous room temperature phosphorescence (aRTP) from purely organic materials has been intriguing but

challenging. In this article, we demonstrated that the red aRTP emission of 2Br–NDI, a water-soluble 4,9-

dibromonaphthalene diimide derivative as a chloride salt, could be modulated by anion–p and

intermolecular electronic coupling interactions in water. Specifically, the rarely reported stabilization of

anion–p interactions in water between Cl� and the 2Br–NDI core was experimentally evidenced by an

anion–p induced long-lived emission (lAnion–p) of 2Br–NDI, acting as a competitive decay pathway

against the intrinsic red aRTP emission (lPhos) of 2Br–NDI. In the initial expectation of enhancing the

aRTP of 2Br–NDI by inclusion complexation with macrocyclic cucurbit[n]urils (CB[n]s, n ¼ 7, 8, 10), we

surprisingly found that the exclusion complexation between CB[8] and 2Br–NDI unconventionally

endowed the complex with the strongest and longest-lived aRTP due to the strong intermolecular

electronic coupling between the np* orbit on the carbonyl rims of CB[8] and the pp* orbit on 2Br–NDI

in water. It is anticipated that these intriguing findings may inspire and expand the exploration of

aqueous anion–p recognition and CB[n]-based aRTP materials.
Introduction

Red and near infrared aqueous room temperature phospho-
rescence (aRTP) from purely organic materials has been
intriguing in bioimaging due to the large Stokes shi, better
tissue penetration, lower background uorescence and bio-
toxicity.1 In the last decade, research has ourished on various
strategies to boost RTP emission from solid purely organic
phosphors, including crystallization, “direct heavy-atom effect”,
H- & J-aggregate, host–guest doping, carbon dots, polymeriza-
tion, intermolecular electronic coupling, host–guest complexa-
tion, and charge transfer (CT) mediated intersystem crossing
(ISC).2–8 However, aRTP from water-soluble materials remains
challenging and rarely reported yet, due to the severe non-
irradiative quenching of phosphors by water and oxygen.

The inclusion of phosphors in host molecules, such as
proteins,9 molecular capsules,10 cyclodextrins11,12 and cucurbit
ering, Wuhan University of Science and
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[n]urils (CB[n]s),13–15 provides a feasible method for the
construction of RTP materials in solution by segregating and
restricting phosphors in their cavities. In particular, CB[n]s have
been attractive because of their rigid hydrophobic cavities, ISC-
boosting carbonyl rims and moderate water solubility of their
host–guest complexes. For examples, Liu and coworkers re-
ported the complexation of bromophenyl-methyl-pyridinium
derivatives with CB[7] and CB[8] for the construction of aRTP
pseudorotaxanes, supramolecular pins and supramolecular
polymers for targeted cell imaging.13,14 Ma and coworkers con-
structed a 2 : 2 host–guest complex of CB[8] and a triazine
derivative modied with two 4-(4-bromophenyl)pyridine
branches.15

Naphthalene diimide (NDI) derivatives have been widely
used for the construction of various supramolecular architec-
tures due to their rigid and electron-decient aromatic struc-
tures.16,17 Substitution on the naphthalene core can realize wide-
range emissions over the full rainbow.18 Therefore, NDI deriv-
atives have been practical in semiconductors,19 anion sensing,20

metal–organic framework materials,21 and anion–p catalysts.22

Intriguingly, NDI derivatives are also potential red RTP phos-
phors due to their ISC-boosting carbonyl groups and low-lying
3(p–p*) states.23,24 For example, in 2018, red aRTP was ach-
ieved by George's group by restricting a water-soluble 4,9-
dibromonaphthalene diimide derivative (2Br–NDI, I� salt) in
water-soluble LAPONITE®.25 The hybrid revealed an aRTP life-
time of 347 ms at 613 nm under the ambient environment.
Chem. Sci., 2022, 13, 7247–7255 | 7247
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Inspired by the work from George's group and our previous
research on supramolecular recognition between CB[n]s (n ¼ 7,
8, 10) and non-brominated NDI in water,25,26 we herein inves-
tigated the effects of complexation with CB[n]s (n ¼ 7, 8, 10) on
the aRTP emission of 2Br–NDI (chloride salt), in the initial
expectation of enhancing the aRTP of 2Br–NDI by restricting it
in the cavities of CB[n]s. To begin with, we found that the
intrinsic aRTP (lPhos) properties of 2Br–NDI was also affected by
its supramolecular structures in water, transforming from non-
emitting aggregates along the short axis to long-lived emitting
(lAnion–p) anion–p recognition upon dilution with a critical
concentration near 125 mM (Fig. 1). 1H NMR, ESI-MS, spec-
troscopies and density functional theory (DFT) simulation
experimentally supported the synergistic stabilization of anion–
p interactions in water by H-bonding and coulombic interac-
tion between Cl� and the ammonium alkyl chains of 2Br–NDI,
which has rarely been evidenced in halogen anion–p recogni-
tion due to the hydration effect by water.27–29 CB[n]s (n¼ 7, 8, 10)
were used to interact with 2Br–NDI and modulate the aRTP
emission of excited 2Br–NDI. Distinguished from the expected
dumbbell-shaped complex of CB[7]2$(2Br–NDI) and inclusion
complex of CB[10]$(2Br–NDI)2, the exclusion complex of CB
[8]$(2Br–NDI) exhibited strong intermolecular electronic
coupling interaction between the carbonyl rims of CB[8] and
the 2Br–NDI core (Fig. 1), which has been an efficient strategy to
promote RTP emission for solid purely organic materials30,31

but yet reported for aRTP. Intriguingly, the complexation with
CB[8] unconventionally induced the strongest and longest-lived
aRTP of 2Br–NDI (sPhos ¼ 302 ms and FPhos ¼ 7.37%, in N2)
among cases researched. The anion–p induced long-lived
emission (lAnion–p) was also cut off due to the competitive
complexation of CB[8] with the ammonium alkyl chains of 2Br–
NDI. Additionally, CB[8]$(2Br–NDI) exhibited more signicant
hypoxia responsiveness due to the exposure of 2Br–NDI and
also le the cavity of CB[8] free of guest, which is inspiring for
the construction of more functional aRTP materials in the
future.
Fig. 1 Structures of 2Br–NDI and CB[n]s and modulation of the aqueo
intermolecular electronic coupling interactions.

7248 | Chem. Sci., 2022, 13, 7247–7255
Results and discussion
Anion–p modulated aRTP of 2Br–NDI

As shown in Fig. 2a and b, 2Br–NDI (330 mM) emitted uores-
cence at 446 nm and phosphorescence in 600–800 nm, with
peaks at 621.5 nm, 673.5 nm and 753.5 nm assigned to the
vibrational energy levels of the 3(p–p*) state.25,32 Out of curi-
osity, the considerable aRTP in air and weak but detectable
aRTP in O2 indicated moderate resistance of 2Br–NDI against
quenching by water and O2. These remind us of the possible
self-assembly of 2Br–NDI in water.

To track the assembly behavior of 2Br–NDI in water, the
concentration dependence (0.0039–8.0 mM) of steady and gated
emission of 2Br–NDI was explored under N2 (Fig. 2c and d). It
was surprisingly found that new long-lived emission at 583 nm
showed up upon dilution to <125 mM. Both of the uorescence
and long-lived emission (583 nm & 621.5 nm) were enhanced at
<125 mM and then decreased at >125 mM with concentration.
The uorescence hypsochromically shied from 442.5 nm to
437 nm at <125 mM and then bathochromically shied to
453 nm at >125 mM. The intensity at 583 nm and 621.5 nm were
enhanced at <125 mM. However, upon further concentration,
emission at 583 nm vanished along with the decreased emis-
sion at 621.5 nm. Therefore, transformation between two kinds
of supramolecular states of 2Br–NDI in water could be specu-
lated. Lifetime–concentration curves at 583 nm and lPhos ¼
621.5 nm (Fig. 2e and S4†) also unraveled transformation
between two kinds of long-lived species with a critical concen-
tration at 125 mM, showing monoexponential kinetics at lower
concentrations while biexponential kinetics at higher
concentrations.33

Dynamic light scattering (DLS) (Fig. 2f) was performed to
verify the supramolecular states of 2Br–NDI at different
concentrations. The results demonstrated the transformation
from large-size (>100 nm) to small-size (<10 nm) assembly
structures upon dilution. SEM (Fig. S5†) exhibited square
lamella crystals aer slow evaporation. The triclinic single
us room temperature phosphorescence of 2Br–NDI by anion–p and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Steady (slitEx¼ 7.5 nm and slitEm ¼ 15.0 nm) and (b) gated (slitEx ¼ 4.0 nm, slitEm¼ 15.0 nm, sdelay ¼ 60 ms, and sgate¼ 40 ms) emission of
2Br–NDI in air, and N2 and O2 ([2Br–NDI] ¼ 0.33 mM and lEx ¼ 385 nm). (c) Steady and (d) gated emission of 2Br–NDI in N2 upon dilution (lEx ¼
385 nm, slitEx ¼ 6 nm, slitEm ¼ 10 nm, sdelay ¼ 60 ms, and sgate ¼ 40 ms). (e) Concentration dependence of lifetime (lEx ¼ 385 nm) at 583 nm vs.
621.5 nm of 2Br–NDI in N2. (f) DLS for 2Br–NDI upon dilution.

Fig. 3 1H NMR (600MHz, D2O, and 298 K) of 2Br–NDI at (a) 23 mM, (b)
22 mM, (c) 21 mM, (d) 20 mM, (e) 2�1 mM, (f) 2�2 mM, (g) 2�3 mM, (h)
2�4 mM, (i) 2�5 mM, (j) 2�6 mM, (k) 2�7 mM and (l) 2�8 mM.
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crystal34 (Fig. S6, Tables S2–S7†) revealed layered stacking of
2Br–NDI with strong C]O$$$Br halogen bonding (3.0 �A)
between adjacent coplanar 2Br–NDI, weak p–p overlaps (slip-
ping angle ¼ 32�) and weak inter-layer Br–p interaction (z3.55
�A, the same as the sum of the van der Waals radius of Br and C).
Considering the bathochromically shied uorescence at >125
mM and the LUMO/HOMO electron distribution of 2Br–NDI
(Fig. S44b and e†), slipped aggregation along the short axis of
2Br–NDI with small p–p overlap could be responsible for the
emission quenching of 2Br–NDI at high concentration. Mean-
while, the Cl� anion was positioned far away from the pyr-
idinedione heterocycles, vanishing the anion–p induced long-
lived emission (lAnion–p) at high concentration.

1H NMR (Fig. 3) of 2Br–NDI upon dilution from 8.0 mM to
3.9 mM revealed the switch from the aggregate state of 2Br–NDI
into the anion–p recognition. Specically, the resonance of
aromatic protons (Ha) of 2Br–NDI underwent slight down-eld
shi upon decreasing the concentration from 8.0 mM to 125
mM, indicating the weakened aggregation of 2Br–NDI. At <125
mM, paired singlets at d¼ 8.84 and d¼ 8.09 were presented with
a constant integral ratio of 1 : 1. This could be explained by the
domination of anion–p interaction between Cl� and the
electron-decient 2Br–NDI core. The paired and up-eld shied
singlets were formed due to the electron-shielding effect by one
of the Cl� anions, which was preferentially bound to the pyr-
idinedione heterocycle of 2Br–NDI as widely reported in DFT
results for neutral core-disubstituted NDI derivatives.35,36 Addi-
tionally, chemical shi splitting and shiing of the ammonium
alkyl chains (Hb, Hc & Hd) indicated the stabilization of the
anion–p interaction by H-bonding and coulombic attraction,
with down-eld shi stemmed from Cl�-induced polarization
while up-eld shi from the shielding effect by the negative
charge of Cl�.37 DFT simulation (Fig. S7†), with the independent
© 2022 The Author(s). Published by the Royal Society of Chemistry
gradient model (IGM) usingMultiwfn soware,38 supported that
the anion–p interaction was synergistically stabilized by H-
bonding and coulombic attraction between the ammonium
alkyl chain and chloride anion with a binding energy of
�37.30 kJ mol�1.39 The anion–p interaction was also evidenced
Chem. Sci., 2022, 13, 7247–7255 | 7249
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View Article Online
by the presence of [2Br–NDI2+$Cl�]+ (m/z ¼ 631.0) in the ESI-MS
spectrum (Fig. S3†).

To further evidence the existence of synergistically stabilized
anion–p interaction in water and the anion–p induced long-
lived lAnion–p emission of 2Br–NDI, excess sodium salts of
various anions were added, respectively, into the aggregated
2Br–NDI solution. It was found that anions, such as F�, AcO�,
HCO3

� and HPO4
2�, could break the aggregation of 2Br–NDI in

water and induced the appearance of 1 : 1 paired singlets in 1H
NMR spectra (Fig. S9 and S10†) and long-lived lAnion–p emission
from 550 nm to 600 nm (Fig. S11†). However, no characteristics
for the anion–p interaction were observed upon addition of
excess Cl� and Br� into the aggregated 2Br–NDI solution. The
addition of excess I�, BF4

� and PF4
� resulted in the precipita-

tion of 2Br–NDI.
In George's work,25 the emission at 580 nm was ascribed to

the charge transfer emission driven by the anion–p interaction
between I� and 2Br–NDI, but no long-lived emission was
detected in gated emission of 1.0 mM 2Br–NDI under ambient
conditions upon selective CT excitation. Therefore, the anion–p
mediated long-lived emission was ruled out in their work. In our
work, anion–p induced long-lived emission at 583 nm (lAnion–p)
was observed at <125 mM in N2 (Fig. 2c–e) upon localized exci-
tation (LE, lEx ¼ 385 nm) of 2Br–NDI. To conrm the effect of
the anion–p mediated CT process on this emission, steady and
gated excitation spectra at 583 nm (Fig. S12†), and UV-Vis
(Fig. S13†) and CT-excited emission spectra at lEx ¼ 502 nm
(Fig. S14†) of 125 mM 2Br–NDI were recorded. It revealed that no
long-lived and oxygen-sensitive emission at 583 nm was recor-
ded upon CT excitation, which was similar to the result in
George's work for the I� salt. The temperature-dependent
emission decay prole (Fig. S15†) from 0–60 �C for 125 mM
2Br–NDI showed that both lAnion–p and lPhos decreased as
temperature increased due to the weakened anion–p interac-
tion and enhanced non-irradiative decay of excited 2Br–NDI at
high temperature.
Fig. 4 (a) Linear, (b) layered and (c) amplified views of single crystal of
the CB[8]$(2Br–NDI) complex cultivated in the presence of KI.
Host–guest recognition between CB[n]s and 2Br–NDI

To further enhance the aRTP of 2Br–NDI, CB[n]s (n ¼ 7, 8, 10)
with different sizes of the rigid hydrophobic cavity were used to
interact with 2Br–NDI in water, initially in expectation of
reducing the molecular vibration of 2Br–NDI and protecting it
from quenching by water and O2.

As shown in Fig. S16,† the down-eld shied resonance of
aromatic protons (Ha) and up-eld shied signals of ammo-
nium alkyl chains (Hb, Hc, and Hd) suggested the dumbbell-
shaped 2 : 1 complexation between CB[7] and 2Br–NDI.26,40

The binding underwent fast exchange on the 1H NMR time scale
with a diffusion coefficient of 2.63 � 10�10 m2 s�1 (Fig. S17†).

1H NMR (Fig. S18 and S19†) demonstrated fast-exchanged
kinetics for the complexation between CB[8] and 2Br–NDI,
with a diffusion coefficient of 2.51 � 10�10 m2 s�1 (Fig. S20†).
The down-eld shied signals of Ha, Hb and Hc and slightly up-
eld shied Hd signal indicated that the 2Br–NDI core was
outside but near the carbonyl portals of CB[8]. The doublet
signal on CB[8] (d ¼ 5.83 and J ¼ 15.2 Hz) was split into two
7250 | Chem. Sci., 2022, 13, 7247–7255
broad signals with Dd ¼ 0.20 ppm (120 Hz), indicating asym-
metrical surroundings on each carbonyl rim of CB[8]. ESI-MS
(Fig. S21†) showed an exclusive m/z signal at 962.2 for the
1 : 1 stoichiometry between CB[8] and 2Br–NDI.

Monoclinic crystals for the CB[8]$(2Br–NDI) complex41 (Fig. 4
and Tables S8–S13†) showed that 2Br–NDI was externally bound
to CB[8] in a linear polymer conformation. Crucially, the short
distance of 2.859�A between the carbonyl rims of CB[8] and the
aromatic plane of 2Br–NDI indicated strong non-covalent
interaction between them. Additionally, weak anion–p interac-
tion was revealed with a distance of 3.658�A between I� and 2Br–
NDI (the sum of the van der Waals radius of iodide and carbon
is 3.68 �A). CB[8] was gathered by the outer-surface H-bonding
interaction (Fig. 4b). Inspiringly, the cavity of CB[8] is free of
guest and occupied with six “high-energy” water molecules
(Fig. 4c), suggesting that more fantastic and functional mate-
rials could be exploited based on this structure.

Similar to the non-brominated NDI,26 2Br–NDI exhibited
slow-exchange binding with CB[10] in a host : guest ratio of 1 : 2
(Fig. S22 and S23†). The split and up-eld shied signals for
aromatic protons Ha indicated two different surroundings of
the 2Br–NDI partners in CB[10] and the integral ratio of Ha0 : Ha00

z 1 : 3 in 1H NMR could be due to the slipping stacking of the
2Br–NDI homo-dimer along the central axis of CB[10]
(conformation-2 in Fig. S24†). Signals for themethylene protons
on 2Br–NDI were also split into two sets of multiplets. It could
be concluded that Hb0 and Hb00 were positioned near the cavity,
while Hc0 and Hc00 were positioned near the carbonyl rims of CB
[10]. Meanwhile, the resonance of methyl protons was down-
eld shied and split into two singlets, revealing their posi-
tion near the carbonyl rims with different surroundings. For CB
[10], the doublet at d ¼ 5.65 was split into two sets of doublets
© 2022 The Author(s). Published by the Royal Society of Chemistry
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with coupling constants of 14.88 Hz and 14.82 Hz, respectively,
indicating two different surroundings on CB[10] due to the
asymmetric arrangement of the 2Br–NDI dimmer in CB[10].42

The DOSY spectrum (Fig. S25†) for CB[10]$(2Br–NDI)2 revealed
a diffusion coefficient of 2.14 � 10�10 m2 s�1. ESI-MS (Fig.-
S26a†) showed amain peak atm/z¼ 713.6, corresponding to the
1 : 2 stoichiometry between CB[10] and 2Br–NDI. Interestingly,
m/z at 963.2 (Fig. S26b†) supported the existence of [CB
[10]$(2Br–NDI2+)2$(Cl

�)]3+ and indicated the stabilization of Cl�

by the CB[10]$(2Br–NDI)2 complex.
COSY (Fig. S27†) and ROESY (Fig. S28†) spectra were recor-

ded to unravel the spatial correlation of the 2Br–NDI dimer in
CB[10]. As shown in Fig. S27,† no scalar coupling was observed
between Ha0 and Ha00. As for the methylene groups, Hb0 and Hc0

were ascribed to the covalently linked methylene groups on two
of the ammonium alkyl chains while Hb00 and Hc00 were ascribed
to the covalently linked methylene groups on the other two
chains. By contrast, weaker correlation intensity was observed
for Hb0–Hc00 and Hb00–Hc0, indicating an intermolecular correla-
tion between them. The ROESY spectrum (Fig. S28†) revealed
intermolecular NOE effects for Hb0–Hb00, Hc0–Hc00 and interac-
tions between methyl and methylene groups on 2Br–NDI part-
ners. This suggested the proximity of neighboring ammonium
alkyl groups. Positive cross peaks for Ha0–Ha00, Hc0–Hc00 and Hd0–

Hd00 indicated chemical exchange between the 2Br–NDI part-
ners. Exchange spectroscopy (EXSY) (Fig. S29†) unravelled the
slow exchange equilibrium with an apparent exchange equi-
librium constant (Kapp) of 1/2.65, consistent with the 1H NMR
integral (Fig. S22†). Therefore, the 2Br–NDI homo-dimer
undergoes dynamic and slow conformation interconversion in
CB[10].
CB[n]-modulated aRTP of 2Br–NDI

With these complexation behaviors in mind, the optical
properties of 2Br–NDI in the presence of CB[n]s (n ¼ 7, 8, 10)
were researched. As shown in Fig. S30a,† complexing with CB
[7] enhanced the absorption for the long-axis polarized tran-
sition of 2Br–NDI (SL, 310–400 nm),43 suggesting the segrega-
tion of 2Br–NDI in water. By contrast, upon addition of CB[8]
(Fig. S30b†), the absorption for long-axis polarized transition
of 2Br–NDI was enhanced with a bathochromic shi by 6–
8 nm, as a result of dispersion of 2Br–NDI by CB[8] and
hyperchromic effect from the carbonyl rims of CB[8] as an
auxochrome. As for CB[10]$(2Br–NDI)2 (Fig. S30c†), both the
absorption for short- (SS, 240–260 nm) and long-axis polarized
transition of 2Br–NDI were weakened with a bathochromic
shi of up to 7 nm, indicating enhanced J-aggregate of 2Br–
NDI along its long axis in CB[10].44 DLS (Fig. S30d†) revealed
that complexation with CB[n]s (n ¼ 7, 8, 10) inhibited the
aggregation of 2Br–NDI in water.

As shown in steady and gated emission spectra (Fig. S31–
S34†), the addition of CB[n]s (n ¼ 7, 8, 10) decreased the uo-
rescence, while enhancing the phosphorescence of 2Br–NDI in
both air and N2. By contrast to the free 2Br–NDI and CB
[7]2$(2Br–NDI) complex, much stronger phosphorescence was
observed for the CB[8]$(2Br–NDI) and CB[10]$(2Br–NDI)2
© 2022 The Author(s). Published by the Royal Society of Chemistry
complexes. However, aRTP intensity for all the complexes of
2Br–NDI with CB[n]s (n ¼ 7, 8, 10) revealed concentration
dependence similar to free 2Br–NDI and was nally quenched at
high concentration (Fig. S33†).

Statistical data (Fig. 5) unraveled the synergistic effects of
self-assembly and CB[n]-based host–guest complexation of
2Br–NDI on its long-lived emission at 583 and 621.5 nm. As
shown in Fig. 5a and d, anion–p induced long-lived emission
at 583 nm was suppressed upon addition of CB[n]s (n ¼ 7, 8,
10), consistent with the weakened anion–p interaction
between Cl� and 2Br–NDI. In particular, the intensity at
583 nm was almost negligible for CB[8]$(2Br–NDI) (Fig. S32e
and f†). In combination with the single crystal structure
(Fig. 4a), it could be concluded that CB[8] acted as a strong
competitor and inhibited the anion–p interaction between Cl�

and 2Br–NDI in water by breaking the synergistic non-covalent
interactions (H-bonding and coulombic attraction) between
them. However, lAnion–p emission from the anion–p recogni-
tion was still observable for CB[7]2$(2Br–NDI) (Fig. S32c and
d†) and CB[10]$(2Br–NDI)2 (Fig. S32g and h†) complexes, due
to the exposure of the 2Br–NDI core for CB[7]2$(2Br–NDI) and
the proximity of Cl� to the 2Br–NDI core for CB[10]$(2Br–
NDI)2. aRTP emission at 621.5 nm in air (Fig. 5b and e) and N2

(Fig. 5c and f) showed that CB[8]$(2Br–NDI) featured more
obvious hypoxia responsiveness than CB[10]$(2Br–NDI)2 due
to the exposure of the 2Br–NDI core in the former complex. At
concentrations #250 mM and in a N2 environment, CB
[8]$(2Br–NDI) exhibited superior aRTP intensity at 621.5 nm to
CB[7]2$(2Br–NDI) and CB[10]$(2Br–NDI)2, highlighting the
signicance of intermolecular interaction between the 2Br–
NDI core and carbonyl rims of CB[8] in water. A higher
concentration weakened the aRTP of CB[8]$(2Br–NDI) to
slightly less than that of CB[10]$(2Br–NDI)2. Therefore, CB
[10]$(2Br–NDI)2 possessed a higher binding constant than CB
[8]$(2Br–NDI) and could resist more against the ACQ effect of
2Br–NDI at high concentrations. On the other hand, CB
[10]$(2Br–NDI)2 exhibited excellent O2 resistance for efficient
aRTP emission, even in an O2 environment (Fig. S34†).

Time-resolved phosphorescence measurements (Fig. 6a and
b) revealed that complexation with CB[n]s (n ¼ 7, 8, 10) pro-
longed the phosphorescent lifetime of 2Br–NDI at 621.5 nm. In
particular, CB[10]$(2Br–NDI)2 exhibited the longest aRTP life-
time of up to 129 ms in air while CB[8]$(2Br–NDI) outstood with
a longer phosphorescent lifetime of up to 302 ms in N2.
Quantum yield determination (Fig. 6c, S35–S42†) in N2 showed
that the phosphorescent quantum yield of 2Br–NDI increased
up to 2.66% and 7.37% upon complexation with CB[10] and CB
[8], respectively. These results were consistent with the results
that CB[10]$(2Br–NDI)2 exhibits excellent resistance against O2

quenching, while CB[8]$(2Br–NDI) shows more efficient ISC to
the triplet. The red aRTP emission of 2Br–NDI could be light-
ened up and observed by the naked eye upon complexation with
CB[8] and CB[10] (Fig. 6d). However, negligible luminescent
quantum yields were recorded for CB[7]2$(2Br–NDI).

To nd out the synergistic effects of anion–p interaction and
host–guest interaction with CB[n]s (n ¼ 7, 8, 10) on the transi-
tion pathways of excited 2Br–NDI, steady and gated emission–
Chem. Sci., 2022, 13, 7247–7255 | 7251
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Fig. 5 Statistical data for: the intensity difference of the steady (a) and gated (d) emission of 2Br–NDI at 583 nm in N2 upon complexation with CB
[n]s (n¼ 7, 8, 10) at various concentrations of 2Br–NDI; the intensity difference of the steady (b and c) and gated (e and f) emission of 2Br–NDI at
621.5 nm in air (b and e) and N2 (c and f) upon complexation with CB[n]s (n¼ 7, 8, 10) at various concentrations of 2Br–NDI (measurements in air:
slitEx ¼ 3.5 nm and slitEm ¼ 12.5 nm. Measurements in N2: slitEx ¼ 6.0 nm, slitEm ¼ 10 nm, sdelay ¼ 0.06 ms, and sgate ¼ 0.04 ms).
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excitation spectra (Fig. S43† and 6e–h) were recorded in N2. As
shown in Fig. S43a† and 6e, upon long-axis polarized transition
(S0 / SL, lEx ¼ 310–400 nm), 2Br–NDI exhibited uorescence
(SL / S0, lEm ¼ 400–450 nm) along with the anion–p induced
long-lived emission (lAnion–p ¼ 540–600 nm) and the intrinsic
aRTP emission (T1 / S0, lPhos ¼ 600–700 nm) of 2Br–NDI. The
excitation of short-axis polarized transition (SS) by lEx ¼ 240–
260 nm gave mainly emission at lAnion–p and lPhos of 2Br–NDI,
indicating a competitive relationship between emissions at
lAnion–p and lPhos of 2Br–NDI.
Fig. 6 Phosphorescence lifetime of 2Br–NDI in the absence and presenc
nm). (c) Fluorescence and phosphorescence quantum yields of 2Br–N
Photograph of 125 mM2Br–NDI (from left to right) in the absence and pres
for 10 min. Gated emission–excitation spectra of 2Br–NDI in the (e) absen
[10] in N2.

7252 | Chem. Sci., 2022, 13, 7247–7255
Complexation with CB[n]s (n ¼ 7, 8, 10) led to the bath-
ochromic shi of the excitation wavelength for red aRTP
emission. For CB[7]2$(2Br–NDI) (Fig. S43b† and 6f), a strong
(Em and Ex) signal for the short-lived 1CT emission (500–
680 nm and 440–560 nm) was observed due to the exposure of
the 2Br–NDI core to Cl�. The excitation of short-axis polarized
transition (lEx ¼ 240–260 nm) also arouse intense emission
from the short-lived 1CT state, indicating promoted formation
of the 1CT state upon short-axis polarized transition for the
dumbbell-shaped CB[7]2$(2Br–NDI) complex. As for CB
e of CB[n]s (n¼ 7, 8, 10) in (a) air and (b) N2 at lEm¼ 621.5 nm (lEx¼ 385
DI in the absence and presence of CB[n]s (n ¼ 7, 8, 10) in N2. (d)
ence of excess CB[7], 1.0 eq. CB[8] and 0.5 eq. CB[10] after N2 bubbling
ce and presence of (f) excess CB[7], (g) 1.0 eq. CB[8], and (h) 0.5 eq. CB

© 2022 The Author(s). Published by the Royal Society of Chemistry
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[8]$(2Br–NDI) (Fig. S43c† and 6g) and CB[10]$(2Br–NDI)2
(Fig. S43d† and 6h), the anion–p interaction between Cl� and
2Br–NDI was inhibited due to the steric hindrance and
competitive complexation of 2Br–NDI by CB[8] and CB[10]. As
a result, both of the prompt 1CT and long-lived lAnion–p

emissions were cut off and the long-lived emission was nar-
rowed to mainly form the aRTP emission of 2Br–NDI. Inter-
estingly, for CB[10]$(2Br–NDI)2, negligible emission was
produced upon excitation of short-axis polarized transition
(SS).
Theoretical calculations and cyclic voltammograms

DFT (Fig. 7 and S44†) and time-dependent DFT (TDDFT, Tables
S14–S19†), based on the single crystal of CB[8]$(2Br–NDI), were
carried out to have a deeper insight into the intermolecular
interaction between CB[8] and 2Br–NDI and its effect on the
optical properties of 2Br–NDI. As shown in the electrostatic
potential (ESP) maps (Fig. 7a and b), CB[8] exhibited electron-
rich carbonyl rims, while 2Br–NDI showed an electron-
decient core. This complementary donor–acceptor structure
lays a foundation for the intermolecular electronic coupling
interaction between CB[8] and 2Br–NDI. IGM analysis (Fig. 7c)
demonstrated that the intermolecular electronic coupling
interaction between CB[8] and 2Br–NDI was further locked by
the characteristic ion–dipole interaction between the carbonyl
rims of CB[8] and the cationic ammonium alkyl chains of 2Br–
NDI, making it possible to realize intermolecular electronic
coupling interaction even in water. Orbitals analyses for CB
[8]$(2Br–NDI) revealed that the LUMO orbit of the complex was
located on the 2Br–NDI core (Fig. 7d), while the HOMO orbit
was located on the carbonyl rims of CB[8] (Fig. 7e). Additionally,
the HOMO level of CB[8] was higher than the LUMO level of
2Br–NDI (DE ¼ 2.27 eV, Fig. S44†), theoretically indicating
Fig. 7 Electrostatic potential of (a) CB[8] and (b) 2Br–NDI; (c) intermolec
energy levels of CB[8]$(2Br–NDI); singlet and triplet energy levels of (f) 2

© 2022 The Author(s). Published by the Royal Society of Chemistry
thermal electron transfer from CB[8] to 2Br–NDI.36 According to
perturbation theory,6,45 the rate for the ISC process is deter-
mined by both the spin–orbit coupling matrix element (SOCME,
h1JjĤSOCj3Ji) and the energy gap (DEST) between singlet and
triplet states.

kISCf

���D1J

��� bΗSΟC

���3JE���2
exp

�
DEST

2
�

Complexation with CB[8] generally reduced the SOCME of
2Br–NDI (Table S16†) between Sn and Tn. However, the strong
intermolecular electronic coupling interaction between CB[8]
and 2Br–NDI gathered energy levels of both high-lying
singlets and triplets and opened up many more ISC path-
ways with DEST z 0 (Fig. 7f and g and Tables S17 and S18†).
Rates for ISC from high-lying singlets to T2 of 2Br–NDI were
dramatically promoted (S5 / T2, S6 / T2, S8 / T2, S9 / T2,
and S10 / T2 in Table S19†). Comprehensively, the almost
eliminated DEST and the accelerated ISC from high-lying
singlets to triplets ultimately strengthened the aRTP emis-
sion of CB[8]$(2Br–NDI).

Cyclic voltammograms were recorded to evidence the inter-
molecular electronic coupling interaction between CB[8] and
2Br–NDI in water. As shown in Fig. 8, complexation with CB[n]s
(n¼ 7, 8, 10) induced a negative shi of the rst reduction peak,
while it induced a positive shi for the second reduction peak of
2Br–NDI. In particular, the CB[8]$(2Br–NDI) complex showed
the most negative rst reduction peak with a shi of up to
�0.33 V related to that of free 2Br–NDI, supporting the strong
intermolecular electronic coupling interaction between the
carbonyl rims of CB[8] and the electron-decient core of 2Br–
NDI in water.
ular interactions between CB[8] and 2Br–NDI; (d) LUMO and (e) HOMO
Br–NDI and (g) CB[8]$(2Br–NDI).
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Fig. 8 Cyclic voltammograms of 0.5 mM 2Br–NDI in the presence of
excess CB[7], 1.0 eq. CB[8] and 0.5 eq. CB[10].
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Conclusions

In conclusion, the aRTP emission of 2Br–NDI was tuned by its
supramolecular structures in water. Signicantly, the anion–p
induced long-lived lAnion–p emission of 2Br–NDI in water was
experimentally evidenced at low concentration. Relatively, high
concentration quenched the aRTP emission of 2Br–NDI due to
the slipped aggregation along the short axis. Complexation with
CB[n]s (n ¼ 7, 8, 10) weakened the anion–p interaction between
Cl� and 2Br–NDI andmodulated decay pathways of excited 2Br–
NDI. Among them, the lightened-up aRTP of CB[10]$(2Br–NDI)2
with excellent O2 and ACQ resistance makes it potential in
applications under ambient and extreme environments.
Inspiringly, the exclusion complex between CB[8] and 2Br–NDI
emitted the strongest red aRTP with obvious hypoxia respon-
siveness due to the strong intermolecular electronic coupling
between the ISC-boosting carbonyl rims of CB[8] and the 2Br–
NDI core, which provides a new strategy for designing novel
aRTPmaterials based on exclusion complexation between CB[n]
s family and electron-decient RTP phosphors. What's more, in
combination with the attractive research on CB[8]-based
supramolecular materials,46,47 the cavity-free exclusion
complex of CB[8]$(2Br–NDI) foreshadows more fantastic aRTP
materials with stimuli-responsiveness in the future.
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