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Abstract: Corannulene-derived materials have been extensively explored in energy storage and solar cells, however, are
rarely documented as emitters in light-emitting sensors and organic light-emitting diodes (OLEDs), due to low exciton
utilization. Here, we report a family of multi-donor and acceptor (multi-D-A) motifs, TCzPhCor, TDMACPhCor, and
TPXZPhCor, using corannulene as the acceptor and carbazole (Cz), 9,10-dihydro-9,10-dimethylacridine (DMAC), and
phenoxazine (PXZ) as the donor, respectively. By decorating corannulene with different donors, multiple phosphor-
escence is realized. Theoretical and photophysical investigations reveal that TCzPhCor shows room-temperature
phosphorescence (RTP) from the lowest-lying T,; however, for TDMACPhCor, dual RTP originating from a higher-
lying T, (T,") and a lower-lying T, (T,") can be observed, while for TPXZPhCor, T,"-dominated RTP occurs resulting
from a stabilized high-energy T, geometry. Benefiting from the high-temperature sensitivity of TPXZPhCor, high color-
resolution temperature sensing is achieved. Besides, due to degenerate S; and T," states of TPXZPhCor, the first
corannulene-based solution-processed afterglow OLEDs is investigated. The afterglow OLED with TPXZPhCor shows
a maximum external quantum efficiency (EQE,,,,) and a luminance (L,,,,) of 3.3% and 5167 cdm 2, respectively, which

\is one of the most efficient afterglow RTP OLEDs reported to date. )
Introduction tural, electrochemical and photophysical properties. These

Corannulene, C, H,,, also known as a buckybowl, is a curved
polyaromatic hydrocarbon (PAH) often visualized as the
hydrogen-terminated C,, cap of Cg (Figure 1a)."! The
ground-breaking synthesis of corannulene by Lawton and
Barth® stimulated a spate of investigations into its struc-
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include bowl-to-bowl inversion dynamics,”’ a relative large
dipole moment of 2.1 D, akin to that of pyridine (2.2 D),
and a moderately deep LUMO of —2.65 eV, similar to that
of terephthalonitrile (ca. —2.55 eV)." As the availability of
corannulene derivatives become more widely available, they
have found use as components in energy storage devices,
solar cells,” organic field-effect transistors!'”! and biomedical
applications."! However, there are to date only a handful of
reports describing the luminescent properties of corannu-
lene-based compounds,'? despite the fact that more than
1000 publications have focused on corannulene since the
first synthesis of corannulene was reported in 1966 (Fig-
ure S1).

Corannulene phosphorescence at 77 K had been ob-
served and its radical anion characterized." While there
is no question these seminal studies serve as the stepping
stones to corannulene materials studies seen today there was
a period 1971-91 where corannulene studies were few and
mostly theoretical in scope. Scott’s flash vacuum pyrolysis
synthesis!"” brought a resurgence to the field along with
solution methods, which allowed substantially more to be
investigated into the electroluminescence and photo-
luminescence of corannulene and derivatives. An early
comparison of C,;y and corannulene low-temperature phos-
phorescence (LTP) suggested multi-state emission,™ an
uncommon “violation” of Kasha’s rule. Previous reports
demonstrate that mono- through pentakis-acetylene-bridged
derivatives revealed the high photoluminescence quantum
yields, ®p;, and various colors of corannulene fluorescence

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. (a) Chemical structures of (a) fullerene and corannulene and (b) multi-D-A corannulenes reported in this work.

were possible.®%¢ These ethynyl- and aryl-substituted
corannulene derivatives are all fluorescent, thus are not
adept at harvesting triplet excitons and so less relevant
materials for electroluminescent devices. In 2018, Hatakeya-
ma etal. reported a n-extended B,N,-embedded corannu-
lene derivative (App =424 nm; ®p; =69 % in CH,Cl,) and the
first reported example of a corannulene-based organic light-
emitting diode (OLED), which showed a maximum external
quantum efficiency (EQE,,,) of 2.61 %.*!1 A growing
database of crystal structures of corannulene derivatives
showed that quasi-columnar packings, also in polar space
groups, were possible. Nonetheless, broad-scale screening of
corannulene materials can now follow after the kilogram-
scale synthesis of corannulene;'® as well as a robust set of
multi-gram-scale procedures to prepare mono-, di-, tetra-
and pentahalocorannulenes. Despite the increased interest
in the development of corannulene derivatives, there are no
examples of luminescent corannulene derivatives that har-
vest triplet excitons towards their emission such as via
thermally activated delayed fluorescence (TADF) and
room-temperature phosphorescence (RTP).

RTP is the radiative transition from molecular triplet
excitons at room temperature, together with a phosphor-
escence lifetime, tp,, that is typically on the order of
microseconds or even longer. OLEDs with RTP emitters are
able to harvest 100 % of the excitons to produce light. The
majority of reported RTP luminophores are organometallic
complexes, where the metals, such as platinum (Pt) and
iridium (Ir), can effectively enhance spin-orbit coupling and
thus boost both intersystem crossing (ISC) and radiative
emission rates from the triplet manifold."! Nevertheless, it
remains a significant challenge to develop high-performance
purely organic RTP emitters, as in these compounds that
have a large energy gap (AEg;) between the lowest singlet
(S;) and the lowest (T)) triplet excited states there is weak
spin-orbit coupling between singlet and triplet states.’” To
date, the most popular organic RTP design paradigms
mainly follow two strategies: 1) boosting ISC by, for
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instance, introducing carbonyl groups®! and/or halogens™
into a molecule; 2) suppressing triplet nonradiative processes
through, for instance, crystallization,™ supramolecular
assembly,” or matrix rigidification.”” Notably, most RTP
emitters generally obey Kasha’s rule, where phosphores-
cence originates from T, and the observation of multiple
phosphorescence in a single molecule, a violation of Kasha’s
rule, has rarely been documented.”'****”! The observation of
multiple phosphorescence provides insight into high-lying
triplet excited-state dynamics, as we documented for a
naphthalene-based system.”™ Recently, Li et al. reported a
host-guest system with dual phosphorescence, originating
from T, (n>2) and T, states of BPBF,.”’! He et al. reported
several benzothiophene-based crystalline samples that show
dual phosphorescence due to the relatively large T,-T,
energy gap leading to two distinctive triplet radiative
rates.”® Dual phosphorescence was also observed in TADF
compounds at low temperatures, such as DPTZ-Me-DBT
reported by Huang et al.”) and PhCz-O-DiKTa and PhCz-
DiKTa reported by us.”!

The present study focuses on the design of molecular
donor-acceptor (D-A) composites based on tetra-donor-
substituted corannulenes with phenylene bridges to
TCzPhCor, TDMACPhCor, and TPXZPhCor (Figure 1b).
We demonstrated utility of these RTP materials in an
afterglow OLED and for optical temperature sensing
stemming from a change in the ratio of multiple phosphor-
escence yields as a function of temperatures. These results
demonstrate the promise of corannulene materials to define
a new structure space for optoelectronic materials useful for
modern device technology and engineering.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Results and Discussion
Synthesis and structural characterization

The compounds TCzPhCor, TDMACPhCor, and
TPXZPhCor were synthesized in greater than 55 % yield via
the Suzuki-Miyaura cross-coupling reaction using 1,2,7,8-
tetrabromocorannulene (TBrCor) as the core (outlined in
Scheme S1)." The identity and purity of the three com-
pounds were verified by 'H & "“C nuclear magnetic
resonance (NMR) spectroscopy, melting point determina-
tion, high-resolution mass spectrometry, elemental analyses,
and high-performance liquid chromatography (HPLC) (Fig-
ures S2-S28).

Single-crystal analysis

X-ray quality single crystals of TPXZPhCor and commer-
cially available 1,2,5,6-tetraphenyldibenzo[ghi,mno]-
fluoranthene (TPhCor) were obtained from slow evapora-
tion of toluene at room temperature. As shown in Figure 2a,
TPXZPhCor adopts a twisted D-A geometry, which reduces
the likelihood of the occurrence of n-n interactions (see also
Figures S29 and S30, Table S1). The bowl depth, described
as the perpendicular distance from the plane designated by
the peripheral ten carbon atoms of the corannulene skeleton
to the parallel plane containing the hub CI1-C5 ring, is
0.779 A (Figure 2a bottom). This is shallower than that of
1,2,5,6-tetraphenyldibenzo[ghi,mno]fluoranthene (TPhCor)
(0.886 A, Figure S31) and corannulene (0.875 A).'"*" Fig-
ure 2b illustrates the packing motifs of TPXZPhCor dimers
in the unit cell. The closest packing corannulenes are
arranged in dimers, in a convex-convex manner (Figure 2b,

(a)

centroid: C1 C2 C3 C4 C5 bowl depth: 0.779 A
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top). Two sets of CH--nt interactions support the dimers,
with associated H--centroid distances of 2.78 (phenylene to
corannulene) and 2.81 A (phenoxazine to corannulene),
which may contribute to the suppression of nonradiative
excitonic transitions. Neighboring molecules disposed in a
relative concave-convex orientation also show weak CH--n
(phenylene to phenoxazine, H--centroid distance of 2.52 A)
and m-n (corannulene to phenoxazine, centroid--centroid
distance of 3.63 A) interactions. Due to the steric bulk of
the PXZ groups, adjacent molecules pack in an offset
manner with the shortest distance between the centroids of
the central cyclopentadiene ring of the corannulenes being
7.83 A (Figure S32). To best of our knowledge, corannulene
derivatives generally exhibit convex-concave stacking!'***"
or “clamshell” type packing."***? The picture of the packing
motif observed in TPXZPhCor is slightly different. The
shortest equivalent distance between adjacent TPXZPhCor
molecules arranged in a concave-convex manner is 11.80 A,
which is longer than those documented in previous
reports,'?<*! and in a concave-concave manner is 16.07 A
(Figure S32).

Theoretical modelling

We first modelled the photophysical properties of the three
compounds in the gas phase using time-dependent density
functional theory (TD-DFT) within the Tamm-Dancoff
approximation (TDA)P at the TDA-DFT-M062X/6-31G-
(d,p) level of theory.’*! At the optimized ground-state (S,)
geometries, the bowl shape of corannulene is present in all
three compounds (Figure S33). The bowl depth slightly
decreases as the electron-donating strength of the donors
increases from 0.84 A (TCzPhCor) to 0.83 A (TDMACPh-

]/HJ/
’ﬁ

Figure 2. (a) Thermal ellipsoid (top) and stick (bottom) plots of one independent molecule in the single crystal structure of TPXZPhCor. Ellipsoids
are drawn at the 50% probability level, solvent molecules and the minor component of disorder have been omitted for clarity. (b) TPXZPhCor
dimers in convex-convex and convex-concave orientations along with relevant intermolecular interactions.
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Cor) and 0.79 A (TPXZPhCor), all shallower than those of
corannulene (0.88 A) and TPhCor (0.84 A). The calculated
bowl depths of TPhCor and TPXZPhCor coincide well with
those of the single crystal structures (Figures 2a and S33).
Strongly twisted D-A geometries were computed for
TCzPhCor, TDMACPhCor, and TPXZPhCor (Figure S34).
Larger dihedral angles between the donor and the
phenylene bridge exist in TDMACPhCor (from 84.9° to
94.8°) and TPXZPhCor (from 81.0° to 95.7°) compared to
TCzPhCor (from 51.0° to 52.5°), while the dihedral angles
between the phenylene bridge and corannulene slightly
increase in TDMACPhCor (from 62.6° to 65.8°) and
TPXZPhCor (from 59.3° to 79.8°) than TCzPhCor (from
53.3 to 61.3°). The S, geometry of TPXZPhCor is similar to
that found in the single crystal (Figure 2a), where the donor
groups are highly twisted with respect to the phenylene
bridge and the phenylene bridge is itself strongly twisted
with respect to corannulene (Figures S34). The calculated
energies of the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) are
displayed in Figures 3a and S35. As expected, the HOMO
and LUMO are localized on the donors and the corannulene
acceptor, respectively. The progressively destabilized
HOMO reflects the increasing electron-donating strength of
the donors in TCzPhCor, TDMACPhCor, and TPXZPhCor,
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respectively, while similar LUMO energies reveal negligible
electronic coupling between the donors and the corannulene
acceptor. The LUMO of TPhCor is destabilized (—0.95 eV)
compared to the LUMOs of the three corannulene deriva-
tives (Figure S36) as it has a smaller conjugation length.
Natural transition orbital (NTO) analyses at the S,
geometry provide insight into the nature of excited-state
transitions (Figure S37). For TCzPhCor, the S, state pos-
sesses a locally excited (LE) character mostly centered on
the corannulene core. However, for TDMACPhCor and
TPXZPhCor, the S, state is of charge-transfer (CT) charac-
ter, reflective of the stabilization of this state compared to
the LE states in the presence of the stronger electron
donors; indeed, there is a progressive, although very weak,
stabilization of the S, state from 3.77 eV in TCzPhCor to
3.76 eV in TDMACPhCor and 3.67 ¢V in TPXZPhCor as a
result of the near orthogonal conformation of the donor
groups relative to the TPhCor. The AEg, values also
decrease progressively from 0.63 eV in TCzPhCor to 0.56 eV
in TDMACPhCor and 0.47 eV in TPXZPhCor (Figure 3b).
The S, and T, geometries were optimized at the TDA-
DFT-MO062X/6-31G(d,p) level. TCzPhCor exhibits a rela-
tively larger geometry relaxation, where the root-mean-
square displacement (RMSD) value, calculated using the
VMD program,™ is 0.60 A between S, and S, compared to

TPXZPhCor (c) TCzPhCor
T:12.10 eV
o g&a ) SV
Q/?() ¢ Particle
“a Ken
LUMO 141 eV
So
AE = 4.67 eV
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5 23
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Figure 3. (a) Electron density distribution and energy levels of frontier molecular orbitals (isovalue: 0.02). (b) Vertical excitation energy levels
calculated at the optimized S, geometry in the gas phase at the TDA-DFT—-M062X/6-31G(d,p) level. (c) Natural transition orbitals (isovalue: 0.02)
and T, vertical emission energy levels at the TDA-DFT-M062X/6-31G(d,p) level.
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that of TDMACPhCor (0.48 A) and TPXZPhCor (0.48 A)
(Figure S38). While TDMACPhCor shows a quite large
RMSD value of 0.92 A between S, and T,, TCzPhCor and
TPXZPhCor possess the same value of 0.77 A. The bowl
depth of corannulene in both the S; (bowl depth =~0.68 A)
and T, (bowl depth=~0.63 A) geometries decreases by
more than 15% compared to that in the S, geometry (bowl
depth=~0.82 A) for all three compounds (Figures S33 and
S39). At the relaxed S, geometry, there is a much larger
S;-T, spin-orbit coupling (SOC) matrix element (0.40 cm™")
in TPXZPhCor than that in both TCzPhCor (0.10 cm™") and
TDMACPhCor (0.08cm™") (Figures3b and S40), while
larger SOC values of greater than 0.56 cm™' are noted from
S, to T; (Figure 3b). The density of triplet states and the
SOC between these and S, should favor ISC, which should
be beneficial for producing triplet excitons for RTP. At the
optimized T, geometry (Figure S34), TCzPhCor,
TDMACPHhCor, and TPXZPhCor possess similar T; ener-
gies (Figure 3c), which indicate the same LE character of
the T, state on the corannulene core (Figure S36). The
relatively stabilized T, energy (Figure 3c) of TDMACPhCor
probably originates from an LE state that extends onto the
phenylene rings, which is possible due to the smaller
dihedral angles between the corannulene and the n-linker
than exists in TCzPhCor and TPXZPhCor (Figure S34).

Optoelectronic investigations

The energies of the frontier molecular orbitals (FMOs) were
inferred from the electrochemical behavior of TCzPhCor,
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TDMACPhCor, and TPXZPhCor using cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) in degassed
dichloromethane (DCM), with tetra-n-butylammonium hex-
afluorophosphate, ["Bu,N]PF;, as the supporting electrolyte
(Figure S41). The oxidation potentials (E,,), determined
from the DPV peak values, are 1.29 V (TCzPhCor), 0.81 V
(TDMACPhCor), and 0.73 V (TPXZPhCor) versus SCE.
The corresponding HOMO energies are —5.64¢V,
—-5.13¢eV, and —-5.07eV for TCzPhCor, TDMACPhCor,
and TPXZPhCor, respectively, consistent with the trend in
calculated HOMO energies (Figure 3a) and reflecting the
increasing strength of the donor across the series.
TDMACPhCor and TCzPhCor have similar E 4 of —2.02
and —1.94 V| respectively, which align well with their similar
LUMO energies (Figure 3a). However, the E,, of
TPXZPhCor (—1.78 V) is anodically shifted, in line with the
DFT prediction, which we ascribe to a more delocalized
electronic distribution of the LUMO on the corannulene
and the phenylene linker. The corresponding LUMO
energies of TCzPhCor, TDMACPhCor, and TPXZPhCor
are —240eV, —-232eV, and -2.56eV. The resulting
HOMO-LUMO gaps of TCzPhCor, TDMACPhCor, and
TPXZPhCor are 3.24, 2.81, and 2.51eV, respectively,
mirroring the trend in the calculated values (Figure 3a).

The UV/Vis absorption spectra of the three emitters
measured in toluene show a strong absorption centered at
~300 nm (Figures 4a, S42 and Table S2), originating from
the LE n-n* transitions on the corannulene core.® A weak
CT transition band at around 400nm is observed in
TDMACPhCor and TPXZPhCor (Figure S42a-b). The
enhanced molar absorptivity coefficients of the band at
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Figure 4. (a) UV/Vis absorption (in toluene) and solvatochromism studies of TCzPhCor, TDMACPhCor, and TPXZPhCor recorded in air at room
temperature (A, =340 nm). (b) Lippert—Mataga plots of TCzPhCor, TDMACPhCor, and TPXZPhCor. (c) Prompt fluorescence (1-100 ns) and
phosphorescence spectra (1-10 ms) recorded in toluene at 77 K of TCzPhCor, TDMACPhCor, and TPXZPhCor (Ae. =343 nm).
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about 300 nm, for all three compounds compared to both
TPhCor and corannulene, are the result of contributions
from LE transitions on the donors (Figures S42a-b).F"! The
optical band gaps, calculated from the intersection point of
the normalized absorption and emission spectra, for
TCzPhCor, TDMACPhCor, and TPXZPhCor are 3.04 eV,
3.01 eV, 2.90 eV, respectively (Figure S42c).

Steady-state photoluminescence (PL) spectra recorded
in toluene show a gradual red-shift from TCzPhCor to
TDMACPhCor and TPXZPhCor, coinciding with their
decreasing optical gaps (Figure S42c). A stronger positive
solvatochromism is observed in TPXZPhCor compared to
TDMACPhCor (Figure 4a), which is almost absent in
TCzPhCor. As shown in Figure 4b, the Lippert-Mataga
study reveals that the emissive state of TCzPhCor is of
dominant LE character, while the emissive state of
TDMACPhCor is better described as having hybrid LE and
CT character, that of TPXZPhCor is of CT character,
matching well with the calculations (Figure 3b and S37). The
related experimental absorption and PL spectra and calcu-
lated parameters from the Lippert-Mataga study are
presented in Figure S43 and Table S3. Notably, a linear
relationship between the Stokes shift (v,-v;) and the orienta-
tional polarizability f was observed for TCzPhCor and
TPXZPhCor (Figure 4b). The relatively small slope for
TCzPhCor and unstructured emission imply that the S, state
possesses a moderate degree of CT character, reflected in a
dipole moment, p., of 11.4 D calculated according to the
Lippert-Mataga equation (see Supporting Information for
details). For TPXZPhCor, the slope of the Lippert Mataga
plot is much steeper, which implies a much stronger CT
character to the S;, linked with an associated p, of 24.7 D.
The picture for TDMACPhCor is more complex as the
Lippert-Mataga plot reveals two distinct regimes with p, of
169D and 33.0 D. Such behavior is characteristic of an
excited state of mixed LE and CT character (HLCT).®® The
@, values of TCzPhCor, TDMACPhCor, and TPXZPhCor
in aerated toluene are 34 %, 18 %, and 16 %, respectively,
which essentially do not change in degassed toluene
(Table S2). The time-resolved PL decays are monoexponen-
tial, with PL lifetimes, tp, in the nanosecond regime
(Figure S44). The ®p; and tp. values rule out emission
involving triplet excitons. The AEgr for TCzPhCor,
TDMACPhCor, and TPXZPhCor, determined from the
onsets of prompt and delayed emission in toluene at 77 K,
are 0.59 ¢V, 0.54 eV, and 0.34 eV (Figure 4c), respectively.
Such large AEg; values rule out the possibility of TADF.
The similar phosphorescence spectra in the three com-
pounds recorded in toluene at 77 K indicate that the nature
of the T, state is the same and localized on the TPhCor core
(Figure S45).

We next investigated the photophysical properties of the
three emitters in PMMA at a 1 wt % doping concentration.
As shown in Figure 5a, the steady-state PL spectra of
TCzPhCor, TDMACPhCor, and TPXZPhCor show struc-
tureless emission at Ap. of 450 nm, 465 nm, and 500 nm,
respectively, with associated tp; of 9.8ns, 252 ns, and
30.8 ns, respectively (Figure S46). RTP spectra of
TCzPhCor, TDMACPhCor, and TPXZPhCor were acquired
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across a time-gated window of 30-200 ms, with maxima, Apy,
centered at around 580 nm, 530 nm, and 550 nm, respec-
tively. The corresponding phosphorescence lifetimes (tp)
are 573.0 ms, 286.1 ms, and 34.6 ms, respectively (Figure 5b).
The LTP spectra at 77 K are centered at around 575 nm,
576 nm and 580 nm for TCzPhCor, TDMACPhCor, and
TPXZPhCor, respectively (Figure 5a). The LTP emission
profiles overlap very well with the phosphorescence spec-
trum of 1wt% TPhCor in PMMA measured at 77K
(Figure S47). Based on these results, we can conclude that
the LTP originates from the LE T, state localized on
TPhCor. Notably, there is a remarkable difference in the
phosphorescence spectra at 298 K and 77K of both
TDMACPhCor and TPXZPhCor (Figures 5a), also reflected
in the different phosphorescence afterglows at 298 K and
77 K (Figures 5c). Based on similar observations in our
previous report,®™ we assign this dual phosphorescence to
T,® and T,", associated with phosphorescence from two
conformers. Considering the broad RTP of TDMACPhCor
and TPXZPhCor, we contend that the spectra consist of
contributions from both T, and T;", which is only possible
if there is thermally activated excitonic coupling between
T," and T," (see below)

To validate this hypothesis, temperature-dependent
phosphorescence spectra were measured from 77 to 298 K.
As shown in Figure 6a, the phosphorescence emission of
TCzPhCor shows a negligible change across this temper-
ature range; the weak emission band centred at ~460 nm is
ascribed to steady-state fluorescence due to the residual
background excitation, evidenced by the unchanged PL
intensity as a function of temperature (Figure S48a). A
similar background excitation was observed in the phosphor-
escence spectrum of the TCzPhCor-doped PMMA film
(Figure 5a). However, for TDMACPhCor and TPXZPhCor,
distinctly red-shifted phosphorescence spectra were ob-
tained with decreasing temperature, also reflected by the
change in the phosphorescence afterglows (Figures 6b-c,
S48d-f), which is the result of loss of the phosphorescence
from T,". Figure 6d illustrates a plausible mechanistic
explanation, where excitonic coupling between T;" and T"
is temperature dependent, which explains why at different
temperatures, differing phosphorescence afterglows were
recorded. To elucidate the mechanism, we also conducted
relaxed potential energy surface calculations based on the
optimized T, geometry at the uM06-2X/6-31G(d,p) level
(Figure S49). Notably, it is not feasible to conduct such
calculations on these molecules given their size, and so to
simplify the calculations, mono-substituted corannulenes
were taken as examples. As demonstrated in our previous
work,® the conformational energy barrier is the key to
determining which of the two geometries (T, and T;“)
dominates and likely contributes the most to the phosphor-
escence emission (see details shown in Figure S49). The
energy differences between T;" and T," approximated from
the onsets of the respective phosphorescence spectra are
0.36 eV, and 0.31 eV for TDMACPhCor, and TPXZPhCor,
respectively (Figure S50).

With a potential view to assessing these materials in
OLEDs, we explored the photophysics in doped films in
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Figure 5. (a) Steady-state and time-gated (time-gated window: 30-200 ms) PL spectra of 1 wt% TCzPhCor, 1 wt% TDMACPhCor, and 1 wt%
TPXZPhCor in PMMA at 298 K and 77 K (A.,. =320 nm). (b) Time-resolved PL decay profiles of 1 wt% TCzPhCor, 1 wt% TDMACPhCor, and 1 wt%
TPXZPhCor in PMMA under vacuum. (c) Images of the PMMA films with emitters showing afterglows at 298 K and 77 K under vacuum (excitation

source: 365 nm UV torch).

mCP as this host has a T, energy of ~3.0 eV, thus excitons
would be confined onto the RTP emitters. The optimized
doping concentrations of TCzPhCor, TDMACPhCor, and
TPXZPhCor are 1 wt%, 7 wt %, and 15 wt %, respectively,
where the @, values are 37.2%, 32.1%, and 42.5%,
respectively. The steady-state PL spectra of the three
emitters in air and vacuum at 298 K show broad and
structureless emission at Ay of 465 nm, 475 nm, and 530 nm
(Figures 7a—c, top), with tpp of 6.5 ns, 19.8 ns and 30.7 ns, for
TCzPhCor, TDMACPhCor and TPXZPhCor, respectively
(Figure S51). Similar to the result recorded in PMMA,
TCzPhCor in mCP exhibits RTP at 588 nm with 1, of
293.7 ms (Figure S52a), which originates mostly from T,"
that is localized on the TPhCor core. The unchanged
phosphorescence spectra as a function of temperature are
consistent with a single origin of the phosphorescence
(Figure 7a, bottom). For TDMACPhCor, dual RTP emis-
sion from T," and T,* was observed, centered at 480 nm and
585 nm Figure 7b, bottom) with associated tp, of 96.8 ms and
3433 ms (Figures S52b and S53), respectively. As the
temperature decreases, the high-energy phosphorescence
from T, decreases in intensity as it can no longer be
efficiently populated. For TPXZPhCor, the emission at
528 nm is dominated by the RTP from T," (Figure 7c,
bottom), with a tp, of 82.6 ms (Figure S52c). This is reflected
by a significant change in the spectral profile as a function of
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temperature (Figures 7a—c and S54). The ®gp of TCzPhCor,
TDMACPhCor and TPXZPhCor in mCP are 2.6 %, 2.7 %,
and 18.0 %, respectively, which are much higher than those
measured in 1wt% doped PMMA films (0.1% for
TCzPhCor, 03% for TDMACPhCor and 10.0% for
TPXZPhCor, respectively) (Figure S52d). This divergence in
@prp recorded in mCP and PMMA results from different
host—guest interactions, which provides a window into an
effective strategy to regulate the T, and T,“ excitonic
coupling.

Given that TPXZPhCor shows dual phosphorescence
emission in mCP as a function of temperature (Figure 7), we
decided to study the photophysics of TPXZPhCor in mCP at
both lower (1 wt%) and higher (30 wt %) doping concen-
trations to interrogate the influence of intermolecular
interactions on the dual phosphorescence behavior. The ®p
values measured at these doping concentrations indicate
that the 30 wt % TPXZPhCor doped mCP film possesses the
highest RTP ®;; (17.8 %), higher than that of the 1 wt%
doped film (RTP @ =10.2%) (Figures S55a-b). The
observed aggregation-induced phosphorescence
enhancement is hypothesized to originate from the twisted
geometry, which disfavors unwanted intermolecular n-nt
interactions (Figure S32). Both 1wt% and 30wt%
TPXZPhCor doped mCP films exhibit similar temperature-
dependent phosphorescence behavior to the 15 wt % doped
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Figure 6. Temperature-dependent phosphorescence spectra of (a) 1 wt% TCzPhCor, (b) 1 wt% TDMACPhCor, and (c) 1 wt% TPXZPhCor in PMMA
(time-gated window: 30-200 ms, A, =320 nm; insets: images showing phosphorescence in vacuum at different temperatures, excited by a 365 nm
UV torch; The images of the letters were generated using a mask on top of the image of the photoexcited film on the postprocessed image.

(d) Mechanistic illustration of dual phoshorescence using a simplified Jablonski diagram; Exc: excitation; FL: fluorescence; TA: thermal activation;
Phos.: phosphorescence.
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Figure 7. Steady-state PL (at 298 K and 77 K) and temperature-dependent phosphorescence spectra of (a) 1 wt% TCzPhCor, (b) 7 wt%
TDMACPhCor and (c) 15 wt% for TPXZPhCor in mCP (A, =320 nm; time-gated window: 30-200 ms; insets: images showing phosphorescence at
different temperature excited by a 365 nm UV torch).

sample. As temperature decreases, there is a red shift of the
phosphorescence, reflected in the temperature-dependent
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phosphorescence afterglows (Figures 8a—b) and evolution in
the CIE coordinates (Figures S55c—d). The photophysical
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Figure 8. Temperature-dependent phosphorescence spectra of (a) T wt% and (b) 30 wt % TPXZPhCor in mCP films (time-gated window: 30-
200 ms; A, =320 nm); inset: images showing phosphorescence in vacuum at different temperatures, where the two Chinese characters together
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postprocessed image.

investigation at these two doping concentrations indicates
that aggregation has negligible influences on the T," and T;"
phosphorescence spectra, which implies that the phosphor-
escence occurs from monomolecular species and not
aggregates.

Temperature sensing and afterglow OLEDs

In our previous report,”® we developed several temperature
sensing charts showing phosphorescence afterglows ranging
from blue to green. Considering the remarkable difference
in the phosphorescence afterglows of TPXZPhCor as a
function of temperature, the temperature sensing charts
using the 30 wt % TPXZPhCor doped mCP films exhibit a
much wider color palate than that in our previous study,*
ranging from cyan at 298 K to orange at 77 K (Figure 9a).
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Figure 9. (a) Temperature-dependent phosphorescence afterglows of 30 wt % TPXZPhCor doped films in mCP and fitted sensing charts. (b) Device
configuration and energy level diagram of the materials employed in the devices. (c) Current density-voltage-luminance plot. (d) efficiencies-current
density plot. (e) Afterglow EL and a comparison of the EL and PL spectra; inset: photos of the device showing steady-state and afterglow

luminescence under electrical excitation.
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Table 1: Summary of afterglow OLED performance.
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Devices Voo PV Vi00™! % Aeld/nm
A 43 5.5 525

Ref. [41¢] 5.8 8.9 440

Ref. [41b] - _ _

Ref. [41a] - - _

Ael¥/nm Luminance®/cd m™ EQE,.."/%
528 5167 3.30

544 450 1.47

~520 _ ~1.00

_ _ ~0.8

[a] Turn-on voltage at 1 cdm. [b] Driving voltage at 100 cd m~2. [c] EL maximum at 7 V. [d] EL maximum after ceasing electrical excitation.

[e] Maximum luminance. [f] Maximum external quantum efficiency.

To the best of our knowledge, there are only a limited
number of reports of temperature sensing based on
phosphorescence afterglow materials."”! Lee et al.l**! re-
ported a temperature sensor in a microfluidic device based
on an organic RTP compound, Br6 A, doped in a temper-
ature-sensitive polymer matrix; however, no temperature-
dependent emission color change was observed. Qin et al.*"!
demonstrated that a fluorine-substituted organic phosphor is
thermo-responsive in both crystals and doped films, where
the phosphorescence lifetime was found to increases linearly
with decreasing temperature; however, no afterglow color
change was observed, which limits its application as a rapid
naked eye temperature sensor. TPXZPhCor, by contrast,
can be used for rapid temperature sensing in cold environ-
ments.

We also explored the potential of TPXZPhCor as an
emitter in an afterglow OLED. To the best of our knowl-
edge, there were only three prior reports of afterglow
OLEDs.*"! Adachi and co-workers demonstrated the first
afterglow OLED wherein they employed a hydrophobic
steroid derivative as the host and a deuterated fluorene-
based compound as the dopant in the emissive layer
(EML).M®l The green OLED only showed an EQE,_,, of
~1%. The same group proposed another strategy and
developed an exciplex-based afterglow OLED by reducing
the guest concentration to slow the exciton recombination
rate and by increasing the EML thickness to enhance the
charge accumulation process.*’® However, the abnormally
low guest concentration and thick EML contribute to the
significantly reduced device brightness and necessitate a
very high driving voltage (pulse voltage =70 V), resulting in
an EQE,,, of ~0.8%. Further, the device exhibited a long
transient EL decay of more than 10's. Xie et al.*'? reported
an afterglow OLED that used 2,8-bis(diphenylphosphoryl)-
dibenzo[b,d]thiophene (PPT) and N,N'-di(1-naphthyl)-N,N'-
diphenyl-(1,1’-biphenyl)-4,4'-diamine (NPB) as host and
guest, respectively, within the EML. The devices showed
green afterglow emission with an ultralong lifetime of
356 ms; however, the EQE,,,, was 1.47 % and the maximum
luminance (L,,,,) reached only 743 cdm 2

We fabricated solution-processed OLEDs employing
15 wt % TPXZPhCor doped in mCP films as the EML and
investigated their performance as well as the afterglow
produced from the electroluminescence. The device stack
consisted of: indium tin oxide (ITO)/poly(3,4-ethylenedioxy-
thiophene) : poly(styrenesulfonate) (PEDOT:PSS) (40 nm)/
EML (30 nm)/2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole (TPBi) (50 nm)/LiF (1 nm)/Al (100 nm),
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where ITO and Al serve as the anode and cathode,
respectively, PEDOT:PSS acts as the hole-transporting
layer, TPBi acts as the electron-transporting layer, and LiF
acts as the electron-injection layer (Figure 9b). The after-
glow OLED performance is summarized in Table 1. The
optimized device has a turn-on voltage of 4.3 V and a driving
voltage at 100 cdm™ of 5.5V, which is much lower than
previously reported afterglow OLEDs.”* The L,,, reached
5167 cdm™ (Figure 9c) and the EQE,,, was 3.3% (Fig-
ure 9d). Compared to the previous reports of afterglow
OLEDs,"" device A has the highest performance (Table 1).
The EL spectrum (Figure 9¢) of the OLED matches the
phosphorescence spectrum of the 15wt% TPXZPhCor
doped in the mCP film. Furthermore, the steady-state EL
and afterglow spectra (Figure 9¢) are essentially the same,
reflecting degenerate S; and T," states.

Conclusion

Herein, we have systematically explored how the strength of
the donor regulates multiple phosphorescence in the
corannulene-based emitters TCzPhCor, DMACPhCor, and
PXZPhCor. We found that TCzPhCor shows ultralong RTP
from the lowest T, with tp, of 573.0 ms (in 1wt % doped
PMMA) and 293.7 ms (in 1 wt % doped mCP). TDMACPh-
Cor, by contrast, exhibits dual RTP in both PMMA and
mCP due to the balanced distribution of triplet excitons
emanating from T, and T," states, with 1, values of 96.8 ms
and 343.7 ms, respectively, in 7 wt% doped mCP, while
TPXZPhCor only shows RTP from T,", with 1y, of 82.6 ms
in 15 wt % doped mCP, which occurs as a result of thermally
activated reverse internal conversion. Exploiting this photo-
physical behavior, we demonstrated how TPXZPhCor can
act as an optical temperature sensor in the range from 77 K
to 298 K. Benefitting from degenerate S; and T," states, we
have fabricated record-efficient solution-processed afterglow
OLEDs using TPXZPhCor, which showed an EQE,,, of
33% andal,, of 5167 cdm™

Supporting Information
'"H and "C NMR spectra, HRMS and EA of all target

compounds; X-ray crystallographic details; supplementary
computational data; supplementary photophysical data.
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Corannulene-based luminophores that
exhibit room-temperature multiple phos-
phoresce are reported for the first time.
We demonstrate utility of these room-
temperature phosphorescence materials
in an afterglow organic light-emitting
diode and for optical temperature sens-
ing stemming from a change in the ratio
of multiple phosphorescence yields as a
function of temperatures.
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