


emission being observable in the aerated solution state ( =

6–8 %). The efficient generation of CT state is further
validated by single-crystal X-ray diffraction analysis, which
showed shape-complementarity of the host–guest complex
and close π–π, C�H–π, and CT interactions.

NBICy cyclophane was synthesized via one-pot imidiza-
tion reaction of (2,5-dihexyl-1,4-phenylene)dimethanamine
and 2,3 :6,7-naphthalene dianhydride in an acetic acid/
toluene mixture. The product was characterized by 1H, 13C
nuclear magnetic resonance (NMR) spectroscopy, mass
spectrometry, and single-crystal X-ray diffraction analysis
(see Supporting Information for detailed synthetic proce-
dure, Schemes S1,S2).

Next, we determined the binding constant of the host–
guest complex (EtCz NBICy) using 1H NMR titration

studies in different solvents with varying polarity as
summarized in Table 1 (see also Figures S1–S4). The non-
polar CCl4 endows high association strength compared to
the other more polar solvent. Further, it can solubilize the
host better than any other non-polar solvents via dispersion
interaction.

Single crystals of the individual host and the host–guest
complexes suitable for crystallographic analysis were ob-
tained upon slow vapor diffusion of methanol into the
chloroform solution (Figures 2a–c, S5,S6, Table S1,S2). Sin-
gle-crystal X-ray analysis revealed that NBICy formed a
nano-cavity with a distance between two naphthalene
bisimide and linker units of 7.8 Å and 12.1 Å, respectively,
suggesting NBICy is ideal for carbazole guest binding
(Figures 2a, S5). Interestingly, single crystal X-ray analysis
of the host–guest complex revealed that EtCz is stabilized in
the NBICy cavity through both π–π (3.6 /3.7 Å) and C�H–π
(2.6 /2.7 Å) interactions (Figures 2b,c, S6). It is essential to
mention here that π–π interaction between the electron-rich
carbazole unit and the electron-deficient naphthalene bisi-
mide unit is also a prerequisite for the formation of CT state
formation.[9] Theoretical calculations of the EtCz NBICy

host–guest complex showed that the highest occupied
molecular orbital (HOMO) is located on the electron-rich
carbazole derivative and the lowest occupied molecular

�

�

� �

� �

� �

� �

� �

=�

�

� = = =
�

Angewandte
Chemie

 1
5
2
1
3
7
7
3
, 2

0
2
4
, 4

3
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/an

ie.2
0
2
4
1
1
1
0
2
 b

y
 D

E
S

Y
 - Z

en
tralb

ib
lio

th
ek

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

4
/1

0
/2

0
2

4
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o
m

m
o
n

s L
icen

se



orbital (LUMO) is located on the electron deficient
naphthalene bisimide unit, confirming the possibility of CT
transitions upon host–guest complexation (Figure S7).

Next, we recorded the UV–Vis absorption spectra of
NBICy host in CCl4, which showed broad S0–S2 transition in
the high energy region (<300 nm) and S0–S1 transitions
spanning from ~ 340 to 370 nm with pronounced vibrational
progression which maximizes at 375 nm and 355 nm (Figur-
es 3a, S8). Corresponding emission spectra also showed
vibrational characteristics with a maximum of 378 nm and
spanned up to 500 nm ( ex=345 nm) (Figure 3a). Next, to
find out the hidden phosphorescence emission band of the
NBICy, we performed the photoluminescence study at 77 K,
and we observed a vibronically featured locally excited
phosphorescence emission (3LE), which maximizes at 490
and 530 nm ( ex=345 nm) (Figure 3b). The long-lived nature
of the emission is further confirmed by delayed emission
spectra (delay time=2 ms) and lifetime decay profile shown
in Figures 3b,c (tP=2.12 s).

Next, we performed a photophysical studies of the
EtCz NBICy host–guest complex in the solution state in
non-polar and polar solvents. The EtCz NBICy host–guest
complex formed a broader and more red-shifted absorption
band (ranging from 375 nm to 500 nm) compared to the
individual host and guest in CCl4, CHCl3, TCE, and THF
(Figure S8). Interestingly, corresponding emission spectra
revealed a bathochromic shift from nonpolar to polar
solvent, demonstrating the CT nature of the emission ( ex=

405 nm), which is further confirmed by the excitation spectra
( obs=510 nm and 560 nm for CCl4 and other solvents
respectively) (Figures 4a,S9). The photophysical study vali-

dated our hypothesis of emissive CT state formation upon
complexation. Most interestingly, the lifetime decay profile
of the emissive CT state showed a bi-exponential lifetime
decay profile with a fast prompt fluorescence and delayed
fluorescence with triplet contribution in all the studied
solvents under air. The lifetime of the prompt fluorescence
is ~30 to ~50 ns, and delayed fluorescence is ~0.5 to ~
1.5 μs under aerated conditions (Figures 4b,S10–13, Ta-
ble S3). The delayed fluorescence nature was further
corroborated by the delayed emission spectra (delay time=
50 μs) (Figures 4a,S10–13, Table S3). We attested the triplet
contribution to the CT emission in an oxygen-free atmos-
phere, which resulted in a significant increase in the
emission intensity and lifetime, unambiguously proving the
delayed fluorescence nature of the CT emission with
significant triplet contribution (Figures 4c,d,S10–13, Ta-
ble S4). A temperature-dependent study further helped us
to conclude that delayed fluorescence emission is a ther-
mally activated process, which also explained the role of
NBICy triplet state (3LE) for achieving ambient delayed
fluorescence in solution. (Figure S14, Table S5). This exper-
imental observation showcases the potential of heavy atom-
free supramolecular host-guest complexes for triplet harvest-
ing in the air. The observed delayed fluorescence quantum
yield of EtCz NBICy is 6–8 % indeed quite remarkable in
air, and increases to 36%, 21 %, and 10 % in CCl4, CHCl3,
and THF, respectively, under argon atmosphere. The
excellent triplet formation ability of the NBICy cyclophane
with very high ISC and RISC rate (kISC�107 s�1, kRISC�106–
105 s�1) is liable for ambient triplet stability and achieving
high quantum yield up to 36 % in solution state. Notably,
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the EtCz NBICy complex also showed efficient delayed
fluorescence in the solid state under aerated conditions,
pointing the potential of this complex for future OLED
technology (Figure S15, Table S6).[1e]

In conclusion, we have demonstrated ambient triplet
harnessing in a novel 2,3 : 6,7-naphthalene
bis(dicarboximide)-derived cyclophane (NBICy) and n-ethyl
carbazole (EtCz) guest in the solution state capitalizing the
binding strength provided by cyclophanes by two interacting
π-surfaces. Our spectroscopic observations revealed that
EtCz NBICy host–guest complex showed ambient delayed
fluorescence emission in non-polar and polar solvents. The
triplet contribution of the delayed fluorescence emission was
unambiguously proved under an inert atmosphere and by
temperature-dependent studies. Single-crystal X-ray analysis
further elucidated the role of rigid supramolecular structure
in restricting vibrational dissipation, oxygen diffusion, and
CT state formation for delayed fluorescence emission. We
believe that the non-covalent supramolecular approach of
triplet harnessing will open diverse opportunities for the
utilization of organic triplets in bio-imaging, sensing, and
photocatalysis.
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