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nulene chemiluminescence,
electrochemiluminescence and
photoluminescence by means of an azabora-
helicene to slow down its bowl inversion†

Xiaoli Qin, ‡ab Lin Huang, ‡cde Ziying Zhan,‡a Peng Fu,cde Qing Wang,cf

Congyang Zhang,a Jianhui Huang *cde and Zhifeng Ding *a

Aromatic system extension of corannulene (Cor) is a synthetic challenge to access non-planar polyaromatic

hydrocarbons (PAHs). Herein, we report the design and synthesis of azaborahelicene corannulene 1 through

hybridization of an azabora[5] helical structure and subsequent luminescence studies. Significant

enhancement in chemiluminescence (CL), electroluminescence (ECL) and photoluminescence (PL) is

achieved compared to those of pristine Cor. Specifically, hybrid 1 shows a notable augmentation in

absolute luminescence quantum efficiencies: 25-fold for CL, up to 23-fold for ECL with BPO as

a coreactant, and 30-fold for PL, respectively, compared to those of pristine Cor. Intriguingly, the blue

light emission observed in all three luminescence types suggests the presence of a single excited state.

As revealed by variable-temperature (VT) 1H NMR experiments, the bowl inversion frequency apparently

decelerates by the steric effect of the helix motif in 1, which could contribute to the enhanced

luminescent properties by reducing excited energy losses non-radiatively through fewer molecular

motions; these enhanced luminescence observations could be categorized alongside the aggregation

induced emission (AIE) and crystallization-induced emission (CIE) phenomena. This work not only

provides fundamental insights into improved luminescence quantum efficiencies via strategic modulation

of the molecular structure and geometry, but the work also reveals Cor's inherent potential to build

efficient blue-light emitting materials and devices.
1 Introduction

Corannulene (Cor), the smallest curved unit of C60, is generally
revered for its unique properties originating from the bowl-
shaped structure; such properties include great intermolec-
ular packing,1–3 fast dynamic inversion behavior,4–8 and specic
electron deciency,9–11 in comparison to those of the classical
planar graphene forms. Although the large p-surface of
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corannulene is comparable to that of pyrene, with an expecta-
tion of strong luminescence properties, Cor is in fact a relatively
weak luminophore,12–14 owing to the highly symmetric C5v

structure of corannulene, which also entails decreased
quantum yields due to the Ham effect.15 The bowl strain could
also contribute to the diminished luminescence. Warner and
co-workers hypothesized that Cor's nonplanar strained ring
structure might reduce oscillator strength and correspondingly
the radiative rate constant.16 Very recently, Zysman-Colman and
Sigel et al. reported multiple phosphorescence by decorating
corannulene with different donors.17 Based on Tang and co-
workers’ pioneering studies on aggregation induced emission
(AIE) and aggregation caused quenching (ACQ) of siloles as well
as crystallization-induced emission phenomena,18,19 the
consensus is that free and fast inversion of the bowl molecule
provides an opportune means by which excited energy is lost
non-radiatively. A bright emission as radiative relaxation is
anticipated through preventing this energy loss.

Our research interests have recently focused on the design
and synthesis of a new curved aromatic system by elongating
the corannulene p-system with a non-conventional C-centered
scaffold. Specically, we aim to introduce heteroatoms to
Chem. Sci., 2024, 15, 9657–9668 | 9657
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Scheme 1 Synthesis of organoboron corannulene–helicene compound 1 with the azaborahelicene motif highlighted in green.
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modify electronic and steric effects to ultimately restrain
intermolecular p–p stacking and molecular inversion. The
incorporation of a boron (B) atom into p-conjugated scaffolds
would provide Cor with high electron affinity20 and carrier
mobility,21,22 generating potential for application in optoelec-
tronic materials.23,24 In the construction of coordinated orga-
noboron compounds, the critical roles of BIII are (1) to stabilize
the ligand by coordination and (2) to render the p system
planar,25 allowing intramolecular electron delocalization to
intensify the emission and also the formation of rigid p-
conjugated skeletons by reducing the lowest unoccupied
molecular orbital (LUMO) energy level.3,26 Although reported
arylethynylated corannulenes have demonstrated increases in
luminescence quantum yields,3 boron-incorporated cor-
annulenes are still scarcely explored. Furthermore, new B–N-
doped aromatic compounds have been synthesized to have
excellent optoelectronic properties.27 Interestingly, helicenes
that incorporate heteroatoms, such as azabora[5]helicene,
along with its photophysical properties have been reported.28

Herein, we report the construction of corannulene dialkyl
borate 1 by employing isoquinoline as a chelating ligand
(Scheme 1). The use of isoquinoline as a chelating ligand led to
an azabora-helicene-corannulene hybrid structure, in which the
steric repulsion of the helix structure potentially suppresses the
inversion process of the bowl motif. Concurrently, the hybrid
structure broke doubly degenerate LUMOs in Cor29 by disrupt-
ing the C5v symmetry, enhancing the overall luminescence.3

Moreover, the presence of diethyl groups in azaborahelicene-
Cor 1 balances the Lewis acidity of the boron atom, thus
increasing the Cor motif's electron density and lowering its
oxidation potential, which facilitates chemiluminescence (CL),
electrochemiluminescence (ECL) and photoluminescence (PL).
Notably, the two ethyl groups provide excellent diastereotopic
protons, accidently enabling a comprehensive exploration of
the dynamic inversion behaviors of the bowl and helix motifs by
variable-temperature (VT) NMR experiments, simultaneously.

Molecule 1 was observed to have greatly enhanced perfor-
mances with respect to CL, ECL, and PL. These ndings have
promising implications for the development of luminescent
materials based on curved aromatic hydrocarbons like Cor.
2 Results and discussion
2.1 Synthesis

Pinacol corannuleneboronate (Cor-Bpin) was synthesized
according to the literature procedures.30 Compound 2 was
9658 | Chem. Sci., 2024, 15, 9657–9668
synthesized by Suzuki–Miyaura coupling of Cor-Bpin and
commercially available 1-chloroisoquinoline (IQ-Cl) (ESI, Fig. S1
and S2†). In order to introduce a boron atom into intermediate
2, we adapted the method reported by Murakami et al.31 with
some modications. Briey, in the presence of i-Pr2NEt,
compound 2 reacted with BBr3 to give complex 1-Br2 under an
argon atmosphere. Our desired product, corannulene diethyl
borate 1, was successfully synthesized by the exchange of the
bromide with the ethyl group under mild conditions with an
overall yield of 60% (two steps) (Fig. S3–S5†). It turns out that
protons in the ethyl group are very effective probes to determine
inversion of corannulene and helicene.
2.2 X-ray crystallography

Slow evaporation of a dichloromethane solution furnished
yellow block-like racemic crystals of 1, which crystallized in the
P21/n space group, with a convex form as shown in Fig. 1 and
S6.† The B–N bond length is 1.601 Å, indicating a strong B–N
interaction, as shown in Fig. 1A and S6A.†While the parent Cor
has a homogeneous depth of 0.87 Å,32,33 bowl depth of 1 was
found to vary. For instance, the perpendicular distance from the
plane of the ve-membered ring hub (C19–C23–C9–C39–C18
ring) to the parallel planes containing the carbon atoms C33
and C37 were found to be 0.81 Å and 0.68 Å, while the depth of
the other rim carbon atoms to the bowl bottom was determined
to be 0.91 Å on average (Fig. 1B). This asymmetric feature of
bowl depths indicates that the steric effect of the helix motif
could also affect the bowl structure of the Cormotif and change
the bowl-to-bowl inversion process.8 The steric repulsion of the
helix motif in 1 is reected to the longer rim C33]C37 bond
(1.41 Å) than other rim C]C bonds (1.36–1.38 Å). The curvature
of 1 is further evaluated by using Haddon's pi-orbital axis vector
(POAV) angles.34,35 As shown in Fig. 1A, the POAV angle around
the central 5-membered ring is 8.2° equal to that of pristine
Cor,36 illustrating a similar curvature despite the slightly
deformed bowl-structure of 1. In comparison to four-coordinate
organoboron analogues with isoquinolinyl and naphthyl motifs
(dihedral angles: 16.8° and 27.7°),37 1 has a less distorted ve-
membered ring (dihedral angle: N45–C5–C37–C33 9.4°).
However, the structure displays an increased dihedral angle
around the C5–C37 bond (dihedral angle: C35–C5–C37–C17
31.2°) due to the formation of a more stable convex form in the
solid state.38

Stacks of (P)- and (M)-convex enantiomers are present in the
packing arrangement of complex 1. Unlike some other Cor
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 Molecular structure of 1 [convex (P)-enantiomer is shown, top (A)], andORTEP drawings are shown at the 50% probability level. Side view
and bowl depth (top (B)). Crystal packing in 1 along the a (bottom (C)), b (bottom (D)), and c (bottom (E)) axes. (P)- and (M)-enantiomers are
colored in green and gray, respectively.
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derivatives that pack as columnar stacks in crystal form,2,3,39 (P)-
and (M)-convex enantiomers of 1 are arranged alternately in
a step-like fashion due to the introduced asymmetric helicene
part (Fig. 1C–E). Meanwhile, the enantiomers adopt an alter-
nating arrangement to form sheet-like structures with C–H/p

interactions (2.911–3.122 Å) between the Ph ring of isoquinoline
and corannulene in the concave direction (ESI, Fig. S6B†).
Fig. 2 (A) CV with the ECL-voltage curve of a bare GCE in the absence
(dash grey) and presence (solid red and blue) of 0.6 mM 1 in 1 : 1
benzene : MeCN (volume ratio) solution with 0.1 M TBAPF6 as the
supporting electrolyte. The CV scan rate was 10 V s−1. (B) The current–
time response curve along with the corresponding ECL-time of the
electrolyte solutions in (A) during potential pulsing between −1.90 and
1.30 V at a frequency of 10 Hz. The corresponding applied potential
profile is illustrated in green.
2.3 Electrochemistry and ECL

ECL is a light-emitting process triggered by electrochemical
reactions.40–44 The redox and ECL behaviors of complex 1 were
rst investigated (Fig. 2) using instrumental set-ups illustrated
in Fig. S7A and B.† Fig. 2A displays a typical ECL-voltage curve of
0.6 mM 1 in 1 : 1 benzene : MeCN solution containing 0.1 M
tetrabutylammonium hexauorophosphate (TBAPF6) as the
supporting electrolyte, along with its cyclic voltammogram (CV).
Complex 1 shows a quasi-reversible reduction at E0

0
= −1.67 V

vs. SCE to form a radical anion. This observation agrees with the
fact that Cor can be reduced up to a tetraanion in a series of one-
electron reductions, as described by the pioneering work on its
reduction reactions with alkaline metals such as Li and K by
Rabinovitz and Scott et al.45 The radical anion 1.- is therefore
visualized as an aromatic 5C/6e core suspended within an
aromatic 15C/15e rim from neutral 1 of the aromatic 5C/6e core
within the aromatic 15C/14e rim as in the model “annulene
within an annulene”. From the DFT calculations shown in the
ESI,† it seems that the helix attachment in 1 does contribute to
the non-degenerate LUMO. As depicted in Fig. 2A, 1 undergoes
oxidation irreversibly at Epa= 1.21 V vs. SCE to produce a radical
© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2024, 15, 9657–9668 | 9659



Table 1 Absolute ECL efficiencies of Cor and 1a under various
experimental conditions

Sample

Absolute ECL efficiency (%)

Coreactant CV Pulse

1 Annihilation — 0.00010 � 0.00002
BPO 0.014 � 0.003 0.025 � 0.005

Cor Annihilation — 0.000017 � 0.000006
BPO 0.00060 � 0.00008 0.0030 � 0.0006

a Ru(bpy)3
2+/BPO system: FCV = 0.53 ± 0.07%; Fpulse = 0.66 ± 0.04%.
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cation. This irreversibility might be due to Jahn–Teller vibronic
distortion caused by corannulene radical cation instability in its
original C5v molecular arrangement via breaking the degeneracy
in HOMOs, similar to the process of removing a p-electron
using UV 193 nm photoionization with Cor in the gas phase.46

Again, it seems that the helix attachment in 1 does contribute to
the HOMO as observed from themolecular orbital picture in the
ESI.†

In the annihilation process where the radical cation and
anion meet to react, an emitting excited state is formed if the
electrogenerated species of complex 1 have enough energetics
and life times. The ECL-voltage curve does not show an appre-
ciable ECL signal in Fig. 2A. In fact, the enthalpy of ECL
generation reactions determined from the peak potentials of
the redox waves (2.72 eV) is greater than that of the excitons
(2.69 eV) determined from the emission peak wavelength:47,48

Ep(R
0/R0c+) − Ep(R/Rc

−) − 0.16 (eV) $ −DH˚ (1)

where Ep(R0/R0c+) and Ep(R/Rc
−) are the oxidation and reduction

peak potentials, respectively, obtained from the CV in Fig. 2A;
−DH° represents the enthalpy of uorescence of the excitons.
Thermodynamically, it is possible to generate ECL. However,
there is no appreciable ECL signal during the potentiodynamic
scan in Fig. 2A. Plausibly, due to the irreversibility of anodic
oxidation of 1, the unstable radical cation of 1 cannot survive
long enough to meet the radical anion and react, making ECL
generation undetectable. This is evidenced by the observation
that 1 undergoes an irreversible oxidation reaction even at a fast
scan rate at 10 V s−1. Therefore, to shorten the reaction time and
allow more radical anions and cations to collide and generate
excited states, the potential pulsing ECL experiment with
a pulse width of 0.05 s and a pulse cycle at 10 Hz was conducted.
Fig. 2B displays the potential pulsing between 1.30 V and
−1.90 V, from which greater ECL intensity in both the anodic
potential region (∼9 nA) and cathodic one (∼5 nA) can be
observed. Again, the radical life time plays a dominant role.
Because the rapid fading of the unstable 1 radical cations in the
vicinity of the electrode surface reduces its concentration to
react with radical anions, weak ECL is generated in the cathodic
region. In contrast, complex 1 produces a more chemically
stable anion, thus allowing enough time for them to diffuse and
interact with the radical cations being generated at the working
electrode, and stronger ECL is produced in the positive poten-
tial region.

In comparison, the oxidation potential of the parent Cor is
1.52 V, and Cor undergoes a reversible reduction reaction with
a formal potential of−1.62 V and an irreversible reduction at an
Epc of −2.51 V (Fig. S8A†); these values agree very well with the
values reported by Valenti, Scott, Paolucci and Marcaccio et al.14

The two ethyl groups balance the Lewis acidity of the boron
atom, thus increasing the electron density of the Cor motif.
Additionally, the redox potentials are all negatively shied. As
seen in Fig. S8B,† Cor produces no appreciable cathodic ECL
but high anodic ECL (∼4.5 nA) during potential pulsing
between −2.60 and 1.60 V at a frequency of 10 Hz, which is
much stronger than that of the CV scan experiment (∼0 nA).
9660 | Chem. Sci., 2024, 15, 9657–9668
This nding also demonstrates that radical anions of Cor are
more stable than the cations. Moreover, the ECL intensity of 1 is
twice as strong as that of Cor. The absolute ECL efficiencies of
both Cor systems during pulsing were determined following the
procedure illustrated in the ESI.†49–51 As presented in Table 1,
the absolute ECL efficiency (FECL) of 1 is 0.00010 ± 0.00004%,
which is more than 5 times higher than that of Cor (0.000017 ±

0.000007%). Possibly, the lower electro-affinity nature of p-
extended 1 compared to Cor makes it more-readily oxidized to
form a stabilized cation for further ECL reactions.

For PAHs such as perylene or pyrene, the principles in ECL
studies are the same. For instance, perylenetetracarboxylic dii-
mide (PDI), terrylenetetracarboxylic diimide (TDI), and qua-
terrylenecarboxylic diimide (QDI) were investigated by Bard
et al.52 All these PAH compounds undergo two reversible one-
electron reductions and one reversible one-electron oxidation
reaction. Their radical stability and reactivity favor the genera-
tion of excited states during ECL processes.

The effect of inversion motions of both the bowl and the
helix on ECL luminescence will be discussed later in more
detail.

2.4 ECL with benzoyl peroxide (BPO) as the coreactant

To further improve ECL performances, benzoyl peroxide (BPO)
has been used as a coreactant with complex 1 (Fig. 3) in the
reductive-oxidation mode14,53–55 due to high stability of the 1
radical anion as described above. Fig. 3A illustrates the ECL-
voltage curve of 0.6 mM 1 with the corresponding CV in the
presence of 5 mM BPO in 1 : 1 benzene : MeCN solution. The
onset of the ECL potential of the complex 1/BPO system is at
about −1.62 V, right at the reduction of 1, and the ECL intensity
reaches up to a maximum of 134 nA. Similarly, the onset ECL of
the Cor/BPO system is located at −1.68 V, approaching
a maximum ECL intensity of 5 nA, which is much lower than
that of the 1/BPO system (Fig. S9A†). The absolute ECL effi-
ciencies of these two corannulene complex-BPO systems during
a CV scan were determined as illustrated in the ESI.† As dis-
played in Table 1, the FECL of the 1/BPO system is 0.014 ±

0.003%, which is more than 23 times higher than that of the
Cor/BPO system (0.00060 ± 0.00008%).

Fig. 3B and S9B† show current–time and the corresponding
ECL-time curves of 0.6 mM 1 and Cor in the presence of 5 mM
BPO during a potential pulsing experiment at a frequency of
10 Hz. Notably, the pulsed-ECL of complex 1 with BPO (1.8 mA)
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 (A) CV with the ECL-voltage curve of 0.6 mM 1 in the presence
of 5mMBPO in 1 : 1 benzene : MeCN (volume ratio) solution with 0.1 M
TBAPF6 as the supporting electrolyte. The CV scan rate was 100 mV
s−1. (B) The current–time response along with the corresponding ECL-
time curve of 0.6mM 1 in the presence of 5mMBPO during a potential
pulsing experiment between 0.2 and −1.90 V at a frequency of 10 Hz.
(C) The accumulated ECL spectrum of the potential pulsing experi-
ment. The insets show the CIE coordinate diagram of the ECL
spectrum.
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is much stronger than that of the Cor/BPO coreactant system
(0.8 mA), while the absolute ECL efficiency of the 1/BPO system
(0.025 ± 0.005%) is more than 8 times higher than that of the
Cor/BPO system (0.003 ± 0.0006%) (Table 1). Furthermore, the
pulsed-ECL of these two corannulene complex/BPO systems
demonstrates higher absolute ECL efficiencies compared with
their CV-ECL in the coreactant route. Valenti, Scott, Paolucci
and Marcaccio et al.14 obtained an intense ECL signal qualita-
tively with the 1 mM Cor/10 mM BPO coreactant system in
acetonitrile solution. Please note that we report absolute ECL
quantum efficiencies here, which are more quantitative. For
comparison, the absolute quantum efficiency for the ECL gold
standard, Ru(bpy)3

2+, was determined to be FECL-CV = 0.53 ±
© 2024 The Author(s). Published by the Royal Society of Chemistry
0.07% and FECL-pulse = 0.66 ± 0.04% with BPO as the cor-
eactant, which has been taken as 5% conventionally. Anyway,
although the absolute ECL quantum efficiencies of the 1/BPO
system are lower than those of the Ru(bpy)3

2+/BPO system, 1
represents amuch stronger luminophore than Cor for ECL. This
work still provides insight into development of new Cor
compounds for ECL applications.

In addition, Cor generates ECL immediately when the
potential is switched on in the rst cycle, while there is an
obvious delay (up to 0.02 s) for 1 to produce ECL. The reason
might be that aer the reduction of 1, repulsion would occur
between the radical anions of 1 carrying negative charges and
the working cathode electrode, which could accelerate the
radicals to the diffusion layer to react with benzoyl radicals and
emit ECL. Ultimately, shorter time intervals result in fewer
decayed radicals and higher ECL efficiency.

2.5 Spooling ECL spectroscopy

Fig. 4 and S9D† present the spooling ECL spectra of complexes 1
and Cor acquired during a CV scan upon addition of 5 mM BPO
as the coreactant in the above systems. Of note, spooling ECL
spectroscopy was performed by recording ECL spectra at certain
time intervals during ECL generation processes,56 as previously
reported by our group elsewhere. The spooling ECL spectra of
both coreactant systems illustrate the evolution and devolution
of the ECL process on the basis of the two proposed mecha-
nisms. Taking complex 1 as an example, in both mechanisms,
ECL is produced at −1.62 V where the 1 radical anion is
generated, which aligns with the ECL-voltage curves in Fig. 3A.
In Fig. 4 and S9D,† the spectra of complex 1 and Cor display
consistent peak shapes and peak wavelengths during potential
scans, revealing that the excited states are independent of
applied potentials, thus providing evidence that an identical
excited state generates ECL during the annihilation and cor-
eactant processes. Fig. 5 illustrates the mechanisms of the
coreactant ECL route with BPO. Strongly oxidizing benzoate
radicals (PhCOOc) appear aer the reduction of BPO. In one
way, these radicals can oxidize the radical anions of 1 produced
at −1.62 V to generate the 1* excited state that emits ECL right
at −1.62 V (Fig. 5A). Conversely, PhCOOc can also oxidize the
neutral 1, and then generate radical cations of 1, which there-
aer react with the radical anions of 1 to generate the excited
state emitting ECL at −1.62 V (Fig. 5B). Thereby, spooling ECL
spectroscopy is a powerful tool to reveal the kinetics and
mechanisms of ECL processes.49

2.6 Absorption and luminescence spectroscopy

During the CV and the potential pulsing experiments, accu-
mulated ECL spectra of 1 were acquired. As shown in Fig. 3A
(inset) and 3C, the ECL peak wavelengths of 1 in both annihi-
lation and coreactant pathways are 454 nm, while the ECL peak
wavelength of Cor is located at 412 nm (Fig. S9C†). The UV-vis
absorption and PL studies of 0.02 mM Cor and 1 were also
carried out in 1 : 1 benzene : MeCN solution. As seen in Fig. 6A,
the UV-vis absorption spectrum of 1 shows maxima at 424, 402,
386, and 309 nm, with a shoulder-like absorption at around
Chem. Sci., 2024, 15, 9657–9668 | 9661



Fig. 4 Spooling ECL spectra of 0.6mM 1 in the presence of 5mMBPO in potential ranges between 0.2 and−1.9 V. Inset shows the 2D viewing of
the spooling ECL spectra.

Fig. 5 Two mechanisms (A, B) of the coreactant ECL route with BPO.

Chemical Science Edge Article
340 nm. The PL maxima appear at 461 and 447 nm, and the
absolute PL quantum yield (FPL) for the complex 1 is 31%
(detailed determination process is given in ESI†). The
Commission International de l'Éclairage (CIE) coordinates of 1
were calculated to be (0.202, 0.181) and (0.140, 0.112) based on
9662 | Chem. Sci., 2024, 15, 9657–9668
the ECL and PL spectra, respectively. Moreover, the ECL and PL
with 1 both show blue emission, as displayed in the top right
corner of the CIE diagrams. The UV-vis absorption and PL
spectra of Cor were also recorded. As seen in Fig. S10A,† Cor
exhibits a major absorption band at around 289 nm and a PL
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 (A) UV-visible absorption and photoluminescence spectra of 5
mM 1 in 1 : 1 benzene : MeCN (volume ratio) solution, lex = 403 nm and
lem = 451 nm. (B) The CIE coordinate diagram of the PL spectrum.

Edge Article Chemical Science
emission with a peak wavelength of 423 nm (FPL= 1.0%), which
is similar to the ECL variation ratio. The observation of blue
luminescence in the CIE diagram (Fig. S10B†) is consistent with
the literature reports.14 The ECL spectra are in good agreement
with the PL, revealing that both PL and ECL rise from the same
excited state. It is interesting to note that the HOMO–LUMO
gaps from the DFT calculations (ESI†) is 3.51 and 4.40 eV for 1
and Cor, respectively. Compound 1 breaks the C5v symmetry for
Cor, and the HOMO and LUMO lose the degeneracy, leading to
a decreased HOMO–LUMO energy gap. Symmetry-breaking
causes a decrease in the HOMO–LUMO energy gap, increase
in the emission peak wavelength and increase in the PL
quantum yield. These tendencies are very similar to those of
5,10,15,20-tetraphenyl-21H,23H-porphine zinc (ZnTPP) and
5,10,15,20-tetraphenyl-21H,23H-porphine (H2TPP).57
2.7 Chemiluminescence

The CL properties of complexes 1 and Cor were explored
through excitation by assessing the chemical energy released
during the reaction of a phenyl peroxyoxalate ester with
hydrogen peroxide (instrumentation is shown in Fig. S7C†). In
Fig. 7A, bright blue CL emission can be visually observed in
a dark room aer adding 0.25 mL 30% H2O2 to 1 mL of a 4 : 1
N,N-dimethylformamide (DMF) : MeCN (volume ratio) solution
© 2024 The Author(s). Published by the Royal Society of Chemistry
containing 1.5 mg per mL 1, 10 mg per mL bis(2,4,5-trichloro-6-
(pentyloxycarbonyl)phenyl)-oxalate (CPPO) and 2 mg per mL
sodium salicylate. As illustrated in Fig. S11,† CPPO reacts with
H2O2 in the presence of a base catalyst (sodium salicylate) to
generate oxalyl chloride and produce a high-energy interme-
diate (1,2-dioxetanedione), which nally decomposes into
CO2.58 The released energy from this exothermic reaction can
support the production of 1* from complex 1. Subsequently, the
relaxation of 1* to its ground state generates CL emission. The
difference between CL and ECL is that the energy in the CL
reaction required to generate emissive excited state species
originates from chemical reactions instead of an electrical
current, which is more convenient and faster than ECL.51,59–61

Spooling CL spectroscopy was utilized to monitor CL evolu-
tion and devolution processes, which we have demonstrated for
a thermally activated delayed uorescence emitter, porphyrin,
as well as luminol, graphene quantum dots and other lumino-
phores.55,58,61,62 Fig. 7D displays the spooling CL spectra of this
reaction system, where each spectrum was collected for 1 s for
a total time of 30 s. With the addition of H2O2 into a solution
containing 1, CPPO and sodium salicylate, the broad emission
peaks are centered at 472 nm and they are independent of the
time (Fig. 7B). The calculated color with coordinates of (0.167,
0.329) (Fig. 7C) from the CIE color diagram matches well with
the photograph (Fig. 7A). All above results closely match the
emission observed in the PL and ECL in the coreactant pathway,
suggesting that a single excited state of 1 is produced in these
three excitation strategies. Thus, complex 1 is a promising
luminophore in various light-emitting applications.

Notably, a relatively weak blue CL emission (Fig. S12A†) can
be observed by the naked eyes in a dark room aer adding 1 mL
30% H2O2 to 1 mL of a 4 : 1 DMF :MeCN solution containing
6 mg per mL Cor, 40 mg per mL CPPO and 2 mg per mL sodium
salicylate, with the concentration being 4 times higher than that
of 1. Moreover, the CL intensity of Cor is so weak that it could
not be detected by the same spectrometer even using a higher
concentration solution. In turn, the CL light of Cor was
measured by using a spectrograph/CCD camera setup, as
illustrated in Fig. S7D.† A weak emission peak can be observed
at 434 nm, and the CL intensity of Cor shown in Fig. S12B† is
much smaller than that of complex 1. As shown in the CIE color
diagrams, the CL emission has coordinates of (0.244, 0.241)
(Fig. S12C†), correlating with the photograph. These results also
closely match the emission observed in the PL and ECL cor-
eactant pathways, leading to the conclusion that one excited
state is observed here.

The absolute CL quantum efficiency (FCL) is dened as the
number of photons produced per CPPO molecule, which is the
limiting species in this CL reaction.51,58,61 The number of
photons per spectrum can be determined by using a spectrom-
eter (USB2000+, Ocean Insight, Orlando, FL) aer integration of
each spectrum in the wavelength range of interest (400–700
nm), as descripted in the ESI.† The total number of photons can
be determined by summing each spooling CL spectrum over the
entire experiment. The FCL of complex 1 was determined as
displayed in Table 2. The FCL increased gradually on increasing
the solution concentrations and reached a maximum value of
Chem. Sci., 2024, 15, 9657–9668 | 9663



Fig. 7 (A) Photos, (B) 2D view of stacked spooling CL spectra demonstrating consistent shapes and peak wavelengths, (C) CIE coordinate
diagram of the CL spectrum, and (D) spooling CL spectra acquired at a time interval of 1 s in the presence of 1, CPPO and H2O2. Conditions:
adding 0.25 mL 30% H2O2 in acetonitrile to 1 mL of an 80% DMF, 20% acetonitrile solution containing 1.5 mg per mL 1, 10 mg per mL CPPO and
2 mg per mL sodium salicylate.

Table 2 Absolute CL efficiency of Cor and 1a

Sample Concentration (mg) CPPO (mg) Total photons Absolute CL efficiency (%)

1 1.0 6.7 2.24 × 1014 0.0040 � 0.0005
1.5 10 6.76 × 1014 0.0080 � 0.0008
3.0 20 3.52 × 1015 0.020 � 0.004
6.0 40 7.10 × 1015 0.020 � 0.002

Cor 6.0 40 2.88 × 1014 0.00080 � 0.00007

a Ru(bpy)3
2+: FCL = 0.00009 ± 0.00001%.51
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0.020% ± 0.004, which is 222 times greater than that of
Ru(bpy)3

2+ (FCL = 0.00009 ± 0.00001%).51 To obtain a mW-
wavelength curve, the CL spectrum measured on the CCD
camera was then divided by the conversion curve as we reported
earlier (Fig. S12D, further details are in the ESI†).7 However, the
FCL of Cor is only 0.00080 ± 0.00007%, which is 25 times lower
than that of 1. In comparison with classical PL, the concentra-
tions of various substances should be considered in the study of
optical properties of CL and ECL, because their reactions
usually involve several reactants. Detection limits for CL and
ECL should be much lower than that of PL, since no light source
is needed for CL and ECL.
9664 | Chem. Sci., 2024, 15, 9657–9668
2.8 Dynamic inversion behaviors

Azaborahelicene corannulene 1 undergoes two types of inver-
sion motions: bowl and helix inversions, leading to four
stereoisomers. The details are illustrated in Fig. 8. NMR
chemical shis of all the three protons (Ha and Hb in CH2 and
others in CH3) in ethyl groups on 1 at room temperature were
assigned to multiple peaks between 1.00 and 0.90 ppm, a single
peak at 1.17 ppm and a single peak at 0.19 ppm, respectively, as
shown in the spectrum at 298 K in Fig. 9. These three types of
protons are situated in different chemical environments, with
spatial proximity to the corannulene and helix motifs. It is
© 2024 The Author(s). Published by the Royal Society of Chemistry
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anticipated that slowing down the inversion at a lower
temperature will lead to splits of the three proton chemical
shis. To understand the effects of bowl and helix dynamic
inversions in molecule 1 on its CL and ECL efficiencies,
variable-temperature (VT) 1H NMR experiments were performed
in CD2Cl2 at 600 MHz, covering a temperature range from 298 K
to 188 K with 10 K increments (Fig. 9). Select spectra also were
acquired upon heating back from 188 K to 298 K, which showed
that all the dynamic processes were reversible (Fig. S13†).
Depending on the rate of bowl and helix inversion processes in
1 on the NMR timescale, the protons of two ethyl groups situ-
ated in different chemical environments could split to two sets
of signals. VT 1H NMR spectra acquired at a decreased
temperature are a bit complicated; the Hb and CH3 signals in
closer spatial proximity to the helix motif exhibited nearly
identical coalescence temperatures (∼273 K), while the Ha

signal situated near the corannulene motif showed a signi-
cantly lower coalescence temperature (238 K). A plausible
explanation is that the stereoisomerism caused by helicene
inversion (P/M isomers) predominantly inuences the chemical
environments of Hb and CH3 hydrogens, while the effects of
stereoisomerism due to bowl inversion (convex/concave
isomers) are negligible. The situation is precisely the reverse
for Ha. A simple conclusion was quite clear: Hb and CH3 signals
in VT 1H NMR spectra were mainly affected by the helicene
inversion process, while Ha signals were mainly inuenced by
the bowl inversion process, as illustrated by Fig. S17.† A detailed
explanation can be found in the section “More details on 1H
NMR analysis” in the ESI.† This surprising discovery enabled
the observation of the bowl and helix inversion processes of
Fig. 8 Inversion pathways of compound 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
complex 1 in the VT 1H NMR spectra simultaneously, as shown
in Fig. 9. In the literature, Scott et al.5 utilized dimethylcarbinol
and Siegel et al.7 used ethyl to probe corannulene bowl-to-bowl
inversion. For the rst time, we employed Hb, CH3, and Ha to
probe the inversions of both the helicene and bowl, respectively.

Dynamic 1H NMR line-shape simulations were conducted to
determine the values of the rate constants (k) at various
temperatures and to estimate the coalescence temperature (Tc)
value of both bowl and helix inversion of 1.7,63 The Eyring
equation (DG‡

c = −RT ln(kh/kBT)) was then used to calculate
DG‡

c values at coalescence temperature Tc, and the Eyring plot
was used to determine DH‡ andDS‡ values. The equation,DG‡=

DH‡ − TDS‡, was used to calculate the DG‡
298K values at room

temperature (298 K) for comparing energy barriers. (see ESI
Fig. S13–S16† for more details).

The energy barriers DG‡
298K of helix motif inversion in 1 are

experimentally found to be 12.0 kcal mol−1 for CH3 signals and
12.9 kcal mol−1 for Hb signals. A value of 12.0 kcal mol−1 is
chosen for the energy barrier of helix motif inversion, as helix
inversion is more responsive to changes in the chemical envi-
ronment and aligns more accurately with the Eyring plot, as
shown in Fig. S14, S16A andB.† Besides, the energy barrier
DG‡

298K of the bowl inversion is experimentally found to be
12.7 kcal mol−1, reecting the steric inuence of the helix motif
on the corannulenemotif during the inversion process. The rst
experimental bowl inversion energy barrier of corannulene with
diastereotopic protons was determined to be 10.2 kcal mol−1 by
Scott et al. in 1992, which corresponds to 200 000 times inver-
sion per second at room temperature.5 Cor should have faster
bowl inversions. In comparison, the determined rates of helix
Chem. Sci., 2024, 15, 9657–9668 | 9665



Fig. 9 NMR spectroscopy of molecule 1. Stacked spectra for variable-temperature 1H NMR (600 MHz) spectroscopic measurements of 1 in
CD2Cl2. Tc values (coalescence temperature) of 1H resonances for Ha protons were determined to be 238 K for bowl inversion and those of Hb

and CH3 protons were determined to be 268 K and 273 K for helix inversion.

Chemical Science Edge Article
and bowl inversion in 1 at room temperature are 10 000 and
3000 times per second, respectively. This observation indicates
that the introduction of the azaborahelical structure effectively
decelerates the inversion rate of the corannulene motif. As the
dynamic inversion behavior of corannulene was found to
increase non-radiative loss of excited energy, the enhanced CL,
ECL, and PL efficiencies of 1, as compared to those of Cor, are
partially attributed to the restricted bowl-to-bowl inversion
motions. Restriction of intramolecular inversion motions
(RIIM) in complex 1 is similar to the aggregation-induced
emission (AIE) and crystallization-induced ECL (CIECL),19,23,64

where restricted intramolecular rotations (RIR) lead to reduc-
tion in excited state energy loss. However, the luminescence
efficiencies in this case are enhanced through a distinct
mechanism. This study is the rst to experimentally demon-
strate that luminescence efficiency can be increased by RIIM,
offering not just a complementary route to existing emission
enhancement strategies but also paving the way for innovative
designs in luminescent materials based on bowl-shaped
aromatic hydrocarbons with enhanced efficiencies and
functionalities.
3 Conclusions

In summary, we have designed and synthesized an azabora[5]
helicene corannulene 1 by introducing isoquinoline as
9666 | Chem. Sci., 2024, 15, 9657–9668
a chelating ligand and further bridged by using boron with an
electrophilic aromatic borylation. The azabora-helicene–cor-
annulene hybrid structure was further conrmed by X-ray
crystallography. As expected, the rationally designed 1
produced a strong blue light emission. Specically, Cor hybrid 1
showed a notable increase in absolute PL quantum yield,
increasing from 1% to 31%, and absolute quantum efficiencies
of CL, and ECL using benzoyl peroxide as a coreactant,
increasing from 0.0008% to 0.02%, and 0.003% to 0.025%,
respectively. Furthermore, the mutually inuencing inversion
motions of the bowl and helix motifs in 1 were investigated
through VT 1H NMR technology, revealing that the bowl inver-
sion rate was effectively decelerated by a steric repulsion effect
of the helix motif, which contributed to enhanced CL, ECL and
PL efficiencies via reducing the non-radiative loss of excited
state energy. This enhancement in luminescence caused by
reduction in bowl inversion is an alternative way to mimic AIE
and crystallization-induced ECL (CIECL) phenomena caused by
restricted intramolecular rotations. Although the all-carbon
corannulene–helicene hybrid reported by Scott et al.65 is more
rigid than 1, it doesn't mean the bowl-to-bowl inversion could
be better lowered as the p-extended rigid helix motif could
further atten the bowl structure and facilitate the inversion
process of the corannulene motif. These ndings provide
fundamental insights into enhancing quantum efficiencies by
rationally modulating the molecular structure and geometry of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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corannulene-based species. Meanwhile, utilizing these
enhanced corannulene derivatives with a suitable coreactant
opens a new path for the future development of efficient light-
emitting devices and diagnostic immunoassays.
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