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Spiro-fluoreno-imidazole (SFI) Emitters Efficiently Harvesting Hot
Excitons for Deep-Blue Organic Light-Emitting Diodes with CIEy
Below 0.046

Songkun Zeng, Yufeng Xie, Wenbin Huang, Chenlong Wei, Yantao Deng, Peng Zou, Chao Li,
Teng-Teng Chen, Zujin Zhao, and Zikai He*

Abstract: Hot exciton emitters have emerged as promising candidates for efficient deep-blue fluorescent organic light-
emitting diodes (OLEDs), by enabling triplet exciton harvesting through high-lying reverse intersystem crossing. However,
limited molecular catalogues impede comprehensive mechanistic investigations and device performance elevations. Here,
for the first time, we introduced a novel rigid and steric spiro-fluoreno-fused imidazole (SFI) skeleton to engineer high-
performance deep-blue hot exciton emitters. Three derivatives, Cz-SFI, tCz-SFI, and 3Cz-SFI, were strategically designed
to modulate donor-acceptor orbital overlap and hybridized local and charge-transfer character. Detailed theoretical
calculations and transient absorption spectra clearly revealed the dominant channel of high-lying reverse intersystem
crossing, with a rapid rate constant up to 3.36 × 109 s−1. Remarkably, the tCz-SFI-based OLED device achieved deep-
blue electroluminescence with an exciton utilization efficiency of 83.2% and an unprecedented external quantum efficiency
of 12.55% by efficiently harvesting hot triplet excitons. The device exhibited stable electroluminescence peaking at 410 nm,
corresponding to Commission Internationale de l’Eclairage coordinates of (0.161, 0.043), setting a new benchmark for
deep-blue hot-exciton OLEDs.

Introduction

Since their first demonstration in 1987, organic light-emitting
diodes (OLEDs) have achieved significant commercial suc-
cess and are now widely used in full-color displays and
solid-state lighting.[1] However, the performance of blue
emitters in OLEDs lags far behind that of their green and red
counterparts.[2,3] The situation becomes particularly acute for
ultra-high definition displays requiring OLEDs to meet the
BT.2020 color gamut standard defined by the International
Telecommunication Union Radiocommunication Sector.[4–13]

The BT.2020 standard mandates blue OLEDs with Com-
mission Internationale de l’Éclairage (CIE) chromaticity

[*] S. Zeng, Y. Xie, W. Huang, C. Wei, Y. Deng, Z. He
School of Science, Harbin Institute of Technology, Shenzhen,
Guangdong 518055, China
E-mail: hezikai@hit.edu.cn

P. Zou, Z. Zhao
State Key Laboratory of Luminescent Materials and Devices,
Guangdong Provincial Key Laboratory of Luminescence from
Molecular Aggregates, South China University of Technology,
Guangzhou 510640, China

C. Li, T.-T. Chen
Department of Chemistry, The Hong Kong University of Science and
Technology, Clear Water Bay, Kowloon, Hong Kong 999077, China

S. Zeng, Y. Xie, W. Huang, Z. He
School of Chemical Engineering and Technology, Harbin Institute of
Technology, Harbin, Heilongjiang 150001, China

Additional supporting information can be found online in the
Supporting Information section

coordinates of (0.131, 0.046), posing a significant challenge for
the development of blue emitters.[14–17]

Conventional fluorescent materials are theoretically lim-
ited by quantum spin statistics, which restricts exciton
utilization efficiency to a maximum of 25% due to exclusive
reliance on singlet excitons.[18,19] To overcome the limitation,
several innovative strategies, including thermally activated
delayed fluorescence,[4,7] triplet-triplet annihilation,[20] and
energy transfer (sensitizer),[5,6,8,21,22] etc., have been exten-
sively developed. Recently, a class of “hot exciton” materials
effectively harnesses triplet excitons via a high-lying reverse
intersystem crossing (hRISC). The materials successfully
break the traditional 25% spin-statistical limit, circumventing
the quantum efficiency bottleneck.[23–32] The hybridized local
and charge-transfer (HLCT) excited state characteristics have
been revealed and play a vital role in molecular design. A
low-lying localized excited (LE) state enhances luminescence
efficiency and radiative decay rates, and a high-lying charge-
transfer (CT) state facilitates triplet exciton utilization.[33–35]

Imidazole derivatives are promising hot exciton candi-
dates due to their molecular structure, which contains both
electron-rich and electron-deficient nitrogen atoms, enabling
facile LE-CT modulation.[36] Consequently, modifying imida-
zole structures becomes a practical strategy to enhance device
performance. Several representative examples have been put
forth.[37–41] Notably, since Ma et al. first reported a deep-
blue HLCT material based on 1-phenyl-1H-phenanthro[9,10-
d]imidazole (PPI),[41] numerous blue PPI derivatives have
been explored. Now, it stands out as an ideal acceptor unit
for deep-blue hot exciton emitters due to its bipolar char-
acter, molecular planarity, and high thermal stability.[42–44]
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Figure 1. Previously reported aryl-imidazole emitters and the design concept for the SFI skeleton.

However, PPI-based hot exciton materials rarely achieved
both the BT.2020 CIEy coordinate requirement and an exter-
nal quantum efficiency (EQE) exceeding 10% for deep-blue
emitters.

In this work, a novel acceptor SFI (1′-phenylspiro
[fluorene-9,6′-imidazo[4,5,1-de]acridine]) was engineered by
bridging the phenyl ring and benzimidazole moiety via spiro-
fluorene (Figure 1). SFI exhibits a larger energy gap compared
to previously reported analogues, providing enhanced design
flexibility for developing deep-blue emitters. Three distinct
carbazole-based donors were strategically designed to modu-
late the CT characteristics between donor and acceptor units,
thereby yielding three HLCT emitters: Cz-SFI, tCz-SFI, and
3Cz-SFI. The optimized device exhibited outstanding perfor-
mance, achieving an EQEmax of 12.55% with CIEy < 0.046.
These results unequivocally demonstrate SFI’s significant
potential in developing deep-blue hot exciton fluorescent
OLEDs.

Results and Discussion

Synthesis and Structural Characterization

The spiro-fluoreno-imidazole (SFI) skeletons were synthe-
sized through an acid-catalyzed ring cyclization reaction
between 2-aminodiphenylamines and fluorenone.[45] Then,
a series of aryl-aldehyde donors was used to produce the
target SFI derivatives through a sequential condensation
reaction (Scheme 1 and Scheme S1). Detailed structural
characterizations were conducted using 1H and 13C NMR
spectroscopy and high-resolution MALDI-TOF mass spec-
trometry, as shown in Figures S1–S19. Thermal stability
assessed by thermogravimetric analysis showed high decom-
position temperatures (Td, 5% weight loss) of 460 °C, 479 °C,
and 525 °C for Cz-SFI, tCz-SFI, and 3Cz-SFI, respectively
(Figure S20).

Single crystals of Cz-SFI suitable for X-ray diffraction
analysis were obtained through slow evaporation of an
ethanol solution. The crystallographic data (CCDC No.:
2486422) for Cz-SFI[46] are summarized in Table S1. A twisted
molecular configuration was observed between the donor
and acceptor parts, with torsional angles of 52.6° (θA/B) and
53.6° (θB/C), leading to a pronounced CT character. The
orthogonal geometry of the spiro-skeleton was confirmed. It
contributes to the high molecular rigidity, as evidenced by
the calculated root-mean-square displacement (RMSD) of
0.14 Å, and effectively inhibits π -π stacking by introducing
steric hindrance. The molecular configuration would suppress
the exciton quenching in the aggregates.[47–49]

Theoretical Analysis of Potential hRISC

As illustrated in Figure 2a, density functional theory (DFT)
calculations were first performed to determine the geo-
metric and electronic configurations of the obtained com-
pounds. The frontier molecular orbitals analysis revealed
the distinct spatial distributions and large energy gaps
of the highest occupied molecular orbitals (HOMOs) and
the lowest unoccupied molecular orbitals (LUMOs). Their
HOMO distribution is mainly confined to the carbazole
donor framework, while LUMOs are mostly localized on
the SFI acceptor moieties with partial delocalization to
adjacent phenyl rings. Notably, there is significant spa-
tial overlap between HOMO and LUMO in both Cz-
SFI and tCz-SFI systems, indicating their HLCT excited
states.

In contrast, 3Cz-tSFI exhibited complete spatial separa-
tion between the HOMO and LUMO orbitals, a distinctive
feature of a through-space CT-type molecule. The energy gaps
were found to be 3.92 eV for Cz-SFI, 3.60 eV for tCz-SFI,
and 3.84 eV for 3z-SFI, respectively, indicating their potential
for deep-blue emission. Furthermore, energy levels of frontier
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Scheme 1. A detailed synthetic route for Cz-SFI, tCz-SFI, and 3Cz-SFI, and the single crystal structure and the root mean square displacement
(RMSD) for Cz-SFI.

Figure 2. a) Energy levels and spatial distribution of HOMOs and LUMOs. b) Calculated energy level diagrams and spin-orbit coupling matrix
elements (ξ ) of excited states of Cz-SFI, tCz-SFI, and 3Cz-SFI, respectively.

molecular orbitals were determined by experimental ultravio-
let photoelectron spectroscopy as −6.53/−2.87 eV for Cz-SFI,
−6.32/−2.76 eV for tCz-SFI, and −6.45/−2.94 eV for 3Cz-SFI,
respectively (Figure S21).

The electronic configurations of excited states of these
molecules were investigated through time-dependent density
functional theory (TD-DFT) calculations at the B3LYP/def2-
SVP level. As shown in Figure 2b, the extended π -bridge
and the enhanced electron-donating ability of the tertbutyl-
carbazole unit in tCz-SFI reduce the hole-electron overlap,

giving more pronounced CT character. Large singlet-triplet
energy gaps (�EST) of 0.74, 0.69, and 0.65 eV were evaluated
for Cz-SFI, tCz-SFI, and 3Cz-SFI, respectively, indicating a
forbidden thermally activated RISC process from T1 to S1

states. Notably, for Cz-SFI and tCz-SFI, minimal energy gaps
were found between the upper T7 level and the S1 state. 3Cz-
SFI exhibited almost negligible �EST values between T13-T16

and S1 states. Besides, substantial spin-orbit coupling (SOC)
matrix elements were observed in these systems, especially
those high values between upper Tn states and S1 states.
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Figure 3. a) Ultraviolet-visible (UV–vis) absorption and normalized photoluminescent (PL) prompt fluorescence (solid lines) and delayed
phosphorescence spectra (dashed lines, 77 K) in toluene solution (10−5 M). b) Time-resolved decay curves monitored at 400 nm. c) Solvatochromic
PL spectra in different solvents (HEX: hexane, TOL: toluene, DIPE: diisopropyl ether, EA: ethyl acetate, THF: tetrahydrofuran, DCM: dichloromethane,
DMF: N, N-dimethylformamide, ACN: acetonitrile). d) Lippert–Mataga plots of Stokes shifts against solvent polarity parameters. Excitation
wavelength is 350 nm.

Subsequently, natural transition orbital (NTO) analyses
of excited states were performed to clarify their transition
characteristics (Figures S22–S24). In the S1 excited states,
both Cz-SFI and tCz-SFI exhibited comparable levels of
hybridization, with Cz-SFI having an LE/CT ratio of about
55% LE to 45% CT, while tCz-SFI displayed increased
CT characteristics with approximately 38% LE versus 62%
CT. This difference stems from enhanced electron-donating
ability and strategically engineered orbital overlap adjustment
through the longer auxiliary diphenyl conjugated linker in
tCz-SFI.[27] Relatively large SOC elements were identified
in T7→S1 transitions. Specifically, the T7→S1 transitions
exhibited calculated SOC values (〈S1|ĤSOC|T7〉) of 0.194 cm−1

for Cz-SFI and 0.321 cm−1 for tCz-SFI, respectively. In
contrast, 3Cz-SFI exhibited SOC elements across multiple

states (S1 and T13-16), with values ranging from 0.088 to
0.147 cm−1. These findings demonstrated the potential for
facilitating the hRISC processes through Tn→S1 channels
upon excitation.

Photophysical Properties and HLCT Characteristics

The UV–visible absorption and photoluminescence prop-
erties were systematically investigated in dilute toluene
solutions (10−5 M). As depicted in Figure 3a, all compounds
exhibited nearly superimposable absorption spectra in the
UV range. The absorption profile is characterized by a
strong π→π* transition at 290 nm and broad π→π* tran-
sitions from 300 to 340 nm, while the lowest-energy region
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Table 1: Photophysical data of the emitters.

Emitters
λabs

a)

(nm)
λem

a)

(nm)
�total

b)

(%)
τ F

a)

(ns)
�ESTc)

(eV)
EHOMO

d)

(eV)
ELUMO

e)

(eV)
Egoptf)

(eV)
�λg)

(nm)
�Eg)

(eV)

Cz-SFI 293, 339 406 77.4 1.44 0.88 −6.53 −2.87 3.66 64 0.47
tCz-SFI 298, 348 396 82.3 1.47 0.74 −6.32 −2.76 3.56 110 0.70
3Cz-SFI 294, 353 393 52.6 2.11 0.71 −6.45 −2.94 3.51 54 0.39

a) Measured in 10−5 M toluene solution. b) Measured in 5 wt% m-CPCN film. c) Calculated from onsets of fluorescence and phosphorescence
spectra. d) Collected from UPS results. e) Calculated from HOMO and Egopt. f) Egopt by Eg = EHOMO – ELUMO obtained from the onset of the UV–vis
absorption spectra. g) Calculated from different solvents.

exhibits a negligible bathochromic shift corresponding to an
intramolecular charge-transfer band.[50,51] Notably, solvent-
polarity-dependent absorption spectra showed a slightly
bathochromic shift (Figure S25), indicating a small dipole
moment in the ground states.

All emitters showed intense ultraviolet to deep-blue
photoluminescence with emission peaks at 406 nm for Cz-
SFI, 396 nm for tCz-SFI, and 393 nm for 3Cz-SFI in solution
(Figure 3a and Table 1). In doped films, Cz-SFI and 3Cz-
SFI showed emission peaks at 396 and 400 nm, respectively,
similar to those in solution, while tCz-SFI exhibited a red-
shifted emission peak at 426 nm. As shown in Figure 3c,d,
tCz-SFI exhibits enhanced CT character than the other two
compounds, which accounts for the observed redshift in
the highly polar host matrix of mCPCN (Figure S26). The
corresponding fluorescence lifetimes of the doped films are
presented in Figure S27. These compounds achieved high
photoluminescence quantum yields of 77.4%, 82.3%, and
52.6% in their doped films (Figures S28–S30). Based on the
fluorescence and low-temperature (77 K) phosphorescence
spectra (Figure 3a), the energy levels of S1 and T1 were
estimated to be 3.30 eV / 2.42 eV for Cz-SFI, 3.13 eV /
2.39 eV for tCz-SFI, and 3.18 eV / 2.47 eV for 3Cz-SFI
(Table 1). Therefore, the corresponding �EST between S1 and
T1 was calculated as 0.88 eV for Cz-SFI, 0.74 eV for tCz-SFI,
and 0.71 eV for 3Cz-SFI. The experimental values showed
excellent agreement with the theoretical results. Additionally,
the time-resolved PL decay curves revealed that only short
single-exponential fluorescence lifetimes were observed, with
values of 1.44, 1.47, and 2.11 ns for Cz-SFI, tCz-SFI, and 3Cz-
SFI, respectively (Figure 3b and Table 1). Given the large
�EST values and nanosecond-scale emission lifetimes, the
RISC process from T1 to S1, as well as thermally activated
delayed fluorescence, was blocked.

To elucidate the fundamental mechanisms, solvent-
dependent PL spectra were investigated. As shown in
Figure 3c, the pronounced solvatochromic effect was
observed. The emission maxima displayed redshift peaks
of 64 nm for Cz-SFI, 110 nm for tCz-SFI, and 54 nm for
3Cz-SFI when the solvent was changed from nonpolar hexane
to polar acetonitrile. The significant solvent-dependent
bathochromic shift clearly indicated the intramolecular CT
characteristics of S1 states. Among these emitters, tCz-SFI
exhibited the notable CT feature, while Cz-SFI and 3Cz-SFI
demonstrated similar CT behaviors. Intriguingly, all emitters
showed well-defined vibronic structures in nonpolar media,
in contrast to the broad and featureless emission profiles
observed in high-polarity solvents. Quantitative analysis

using the Lippert-Mataga model allowed the estimation
of the excited-state dipole moments (µe) by correlating
Stokes shifts (νa–νf) with solvent polarity parameters (f)
(Equations S1–S4 and Tables S2–S4).[25–28] A clear biphasic
linear relationship appeared (Figure 3d), indicating polarity-
dependent excited-state evolution. In low-polarity solvents,
the calculated µe values of 6.00 Debye for Cz-SFI, 5.79
Debye for tCz-SFI, and 6.84 Debye for 3Cz-SFI indicated
predominant LE states. In high-polarity environments, the µe

values increased to 13.37 Debye for Cz-SFI, 14.20 Debye for
tCz-SFI, and 15.38 Debye for 3Cz-SFI, respectively, indicating
CT-dominated states. The nonlinear solvatochromic effect
provided compelling evidence for the existence of the
hybridized local and charge transfer (HLCT) excited state in
medium-polarity environments.

Transient Absorption Proofs of hRISC

The ultrafast photophysical dynamics of tCz-SFI in solution
were monitored using femtosecond and nanosecond transient
absorption (fs/ns-TA) spectroscopy with 340 nm excitation
(pulse energy: 5.5 mW) (Figure 4 and Figures S31–S36).
Within the initial 0.3−92.3 ps (Figure 4a top), the TA
spectra exhibited two distinct negative signals in the 350–
360 nm and 400–450 nm regions, attributed to ground-state
bleaching and stimulated emission (SE, S1→S0 emission),
respectively. Broad, positive signals observed between 360–
400 nm and above 450 nm were assigned to excited-state
absorption (ESA, S1→Sn). Notably, the SE band around
400–450 nm exhibited a pronounced bathochromic shift. In
comparison, the ESA signal spanning 450–700 nm exhibited
an obvious hypsochromic shift. Both signal evolutions could
be attributed to the conformational relaxation (1) of the
S1 state, which involves vibrationally relaxing from higher
to lower vibrational modes. For clarity, the time-dependent
SE peak maximum was plotted and fitted (Figure 4b),
revealing that the SE peak shifted from 418 nm to 441 nm,
accompanied by a relaxation lifetime of 3.54 ps, indicating
an ultrafast solvent-stabilization process.[52] The stationary
SE band was consistent with the steady-state PL spectrum of
tCz-SFI in THF solution (Figure 2c). In comparison, Cz-SFI
showed a similar but minor red shift (Figure S31) and a longer
solvent relaxation time compared to tCz-SFI, indicating a
weaker CT character of the S1 state, which aligned with the
results in Figure 2d.

Between 92.3 ps and 7.4 ns, the decay of SE signals fully
coincided with the decay of ESA signals ranging from 350
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Figure 4. Transient absorption of tCz-SFI THF solution (10−4 M) measured at room temperature. a) Femtosecond transient absorption spectra
ranging from 0.3 ps to 92.3 ps (top) and from 92.3 ps to 7400 ps (bottom). Time-dependent diagram of b) SE peaks (wavelength) from 0.3 ps to
92.3 ps and c) difference absorption signals (�A) monitoring at 417 nm from 92.3 ps to 7400 ps. d) Nanosecond transient absorption spectra ranging
from 8.05 ns to 38.10 µs. e) Time-dependent diagram of difference absorption signals (�A) monitoring at 470 nm from 8.05 ns to 38.10 µs. f)
Mechanistic diagram of tCz-SFI (1: conformational relaxation; 2: high-lying intersystem crossing (hISC) and hRISC; 3: fluorescence; 4: internal
conversion; 5: phosphorescence).

to 700 nm, further indicating that these TA signals originated
from the S1 state. To investigate spectral evolution in detail, a
global kinetic-fitting analysis was performed. The fs-TA kinet-
ics of tCz-SFI at 417 nm were monitored (Figure 4c), yielding
three decay lifetimes of τ 1 = 3.21 ps, τ 2 = 210.76 ps, and
τ 3 = 2.00 ns. The τ 1 lifetime corresponded to conformational
relaxation and agreed with the peak wavelength simulation
results in Figure 4b. The τ 3 was assigned to the fluorescence
lifetime, which closely aligned with the time-resolved decay
results in Figure 3b. To investigate the nature of τ 2, population
changes were extracted by integrating the SE band of the
differential absorption as a function of wavenumber and
delay time, �A(ν ,̃ t) (Equation S5 and Figures S34 and S35),
yielding τ 1 = 2.62 ps, τ 2 = 194.59 ps, and τ 3 = 1.93 ns. These
values were consistent with those obtained from the kinetics
fitting results at 417 nm. Based on the reported model,[53] τ 2

could be attributed to the lifetime of the dynamic equilibrium
on the interconversion process of ISC and RISC.

As triplet state evolution is not fully captured in fs-
TA spectroscopy, nanosecond transient absorption (ns-TA)
spectroscopy was performed (Figure 4d). Initially (8.05 ns),

a broad ESA band spanning 400–800 nm with a maximum
at 471 nm emerged. From 8.05 ns to 16.5 ns, this peak
hypsochromically shifted to 460 nm. Then, the ESA signal
decayed and was completely weakened from 16.5 ns to 38.10
µs. The ns-TA decay kinetics at 470 nm were fitted with
a multi-exponential function (Figure 4e), revealing three
lifetimes of τ grow = 0.72 ns, τ decay1 = 5.15 ns, and τ decay2 = 11.25
µs. These lifetimes were assigned to intersystem crossing
(S1→Tn transition), internal conversion (Tn→T1 transition),
and phosphorescence decay (T1→S0 transition), respectively.
Interestingly, a transient absorption signal around 470 nm was
detected even at the early stage of the fs-TA spectra, from
0.3 ps to 92.3 ps (red cycle in Figure 4a), suggesting a possible
ultrafast rate constant for the ISC process.

Based on fs/ns-TA spectra, the mechanistic diagram of
tCz-SFI exciton was depicted in Figure 4f. Five distinct
processes were revealed as 1 for conformational relaxation,
2 for high-lying intersystem crossing (hISC) and hRISC, 3 for
fluorescence, 4 for internal conversion, and 5 for phosphores-
cence. According to the TA fitting lifetimes and supporting
equations, the rate constants were successfully extracted and
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Table 2: EL performances of devices.

Emitters Vona) (V) Lmax (cd m−2) CEmax (cd A−1) PEmax (lm W−1) EQEmax (%) Peakb) (nm) CIEb) (x, y) FWMHb) (nm)

Cz-SFI 3.4 2323.78 0.86 0.84 6.69 388 0.161, 0.035 43
tCz-SFI 3.3 838.01 3.67 3.49 12.55 410 0.161, 0.043 52
3Cz-SFI 4.0 1592.40 0.45 0.23 3.42 396 0.162, 0.038 48

a) Turn-on voltage at 1 cd m−2. b) Measured at 6.0 V.

summarized in Table S5. Notably, the rate constant of reverse
intersystem crossing (khRISC) was 3.36 × 109 s−1, significantly
higher than those of intersystem crossing khISC = 1.39 × 109

s−1 and internal conversion kIC = 1.94 × 108 s−1 for high-lying
triplet excitons. These results provided direct mechanistic
evidence of the involvement of high-lying Tn states in the
intersystem crossing. It also experimentally demonstrated
the theoretical potential of harnessing triplet hot excitons
in OLED devices by effectively competing with internal
conversion.

Efficient Hot Exciton OLEDs

To evaluate the electroluminescence (EL) properties, we fab-
ricated OLED devices with the following architecture: indium
tin oxide (ITO)/MoO3 (6 nm)/1,3-Bis(N-carbazolyl)benzene
(mCP) (45 nm)/emitting layer (EML) (25 nm)/1,3,5-tris(3-
pyridyl-3-phenyl)benzene (TmPyPB) (45 nm)/LiF (1 nm)/Al
(100 nm), where MoO3 and LiF served as hole and
electron injection layers, respectively. mCP was used as
the hole-transport layer, and TmPyPB functioned as the
electron-transport layer. The EML consisted of three distinct
configurations: 5 wt% Cz-SFI, tCz-SFI, or 3Cz-SFI doped in
the bipolar host mCPCN [9-(3-(9H-carbazol-9-yl)phenyl)-9H-
carbazole-3-carbonitrile]. mCPCN was strategically selected
for its balanced hole and electron transport capabilities
to maximize carrier recombination efficiency and for its
ultrahigh triplet exciton energy level (>3.0 eV) to block
energy transfer.[54] The detailed device architectures and
molecular structures were provided in Figure S37.

All devices exhibited a low turn-on voltage of 3.3–
4.0 V, illustrating the alignment between the emitters’ energy
levels as detected by experimental ultraviolet photoelectron
spectroscopy. The maximum current efficiency (CEmax) of Cz-
SFI, tCz-SFI, and 3Cz-SFI was 0.86, 3.67, and 0.45 cd A−1,
respectively, and the maximum power efficiency (PEmax) was
0.84, 3.49, and 0.23 lm W−1. The devices present excellent per-
formance with EQEmax values of 6.69%, 12.55%, and 3.42%
for Cz-SFI, tCz-SFI, and 3Cz-SFI, respectively. The efficiency
roll-off and low brightness observed in tCz-SFI-based devices
could be attributed to an imbalance in carrier transport
(Figure S38). Impressively, the doped devices exhibited deep-
blue EL emission peaks at 388 nm for Cz-SFI, 410 nm for
tCz-SFI, and 396 nm for 3Cz-SFI, corresponding to CIE
coordinates of (0.161, 0.035), (0.161, 0.043), and (0.162, 0.038),
respectively (Figure 5d,e). Notably, the tCz-SFI-based device
achieved record-breaking deep-blue emission in line with
the BT.2020 ultra-high-definition standard (CIEy ≤ 0.046),
while reaching an impressive maximum EQE of 12.55%, a

benchmark for deep-blue HLCT-OLEDs. These devices also
exhibited good color purity, with full-width half-maximum
(FWHM) values ranging from 43 to 52 nm, as summarized
in Table 2. A summary of representative deep-blue OLEDs
(λEL ≤ 430 nm) based on hot-exciton materials is presented in
Figure S39, with the corresponding device details provided in
Table S6.

The TADF was first excluded based on the large singlet-
triplet energy gaps (�EST>0.3 eV) and single-component
fluorescence lifetimes in the nanosecond range. Additionally,
the linear dependence of luminance on current density
(Figure S40) ruled out the possibility of efficiency enhance-
ment through triplet-triplet annihilation upconversion.[55]

The exciton utilization efficiency of these emitters in the
device was then calculated. The EQE of the device can be
expressed by the following equation:

ηEQE = γ × ηPL × ηr × ηout (1)

where γ is the factor of the charge recombination efficiency
(ideally assigned as 100%), ηPL is the PL quantum yield,
ηout is the light out coupling efficiency, and ηr is the exciton
utilization efficiency. Experimental PL quantum yields were
77.4% for 5 wt% Cz-SFI:mCPCN, 82.3% for 5 wt% tCz-
SFI:mCPCN, and 52.6% for 5 wt% 3Cz-SFI:mCPCN. Based
on the observed low horizontal dipole orientation ratio (�) in
Figure 5f, ηout is should be higher than 20%. As the accurate
values were difficult to calculate, we assumed a range of
20% to 30%.[21] Then, according to the previously measured
PLQYs, the exciton utilization efficiency ηr values were
calculated to be 29%–43% for Cz-SFI, 51%–76% for tCz-
SFI, and 22%–33% for 3Cz-SFI, respectively. Additionally,
based on rate constants from TA spectra fitting, the exciton
utilization efficiency under electroluminescence conditions
was calculated for Cz-SFI and tCz-SFI.

For S1: the rate of formation = the rate of deactivation.

GS + kRISC [T] = (kF + kISC) [S] (2)

For T1: the rate of formation = the rate of deactivation.

GT + kISC [S] = (kRISC + kIC) [T ] (3)

For simplicity, the singlet non-radiative decay rate con-
stant is neglected (kS, nr = 0 s−1). Based on the steady-state
approximation assumption, where GS and GT are the singlet
and triplet exciton generation fractions in electrolumines-
cence (GS = 0.25, GT = 0.75), [S] and [T] can be extracted
from Equations (2) and (3) as the equilibrated singlet and
triplet exciton distribution. There, [S] is assigned as the

Angew. Chem. Int. Ed. 2026, 65, e24293 (7 of 10) © 2025 Wiley-VCH GmbH
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Figure 5. a) Device structure and energy level diagrams of functional layers. b) Current Density-Voltage-Luminance curves. c) CE (current
efficiency)/EQE/PE (power efficiency)-Luminance curves. d) Electroluminescence spectra of devices at 6.0 V. e) CIE coordinates of the OLEDs. f)
Angular-dependent PL intensity of emitters in the doped films.

exciton utilization efficiency (ηr) in an electroluminescence
device, with tCz-SFI achieving a high value of 83.2% and
approaching that of the OLED device (Table S5). The high
ηr (> 25%) should be attributed to the conversion of high-
lying triplet excitons into singlet excitons through the hRISC
process. As a result, tCz-SFI surpasses the 25% spin-statistical
limit for conventional fluorescent systems, unambiguously
confirming hot triplet exciton harvesting capability.

Conclusion

In summary, three deep-blue emitters based on the novel
spiro-fluoreno-imidazole (SFI) skeletons and carbazole-
derived donors have been successfully developed and thor-
oughly characterized. These emitters exhibited outstanding
deep-blue emission in toluene solutions. Remarkably, the
dual harvesting of both singlet and triplet excitons via
hRISC pathways has been unambiguously confirmed through
theoretical calculations and transient absorption experiments.
Femtosecond and nanosecond transient absorption spectra
further revealed that tCz-SFI exhibits optimal hRISC kinetics,
with rapid khRISC of 3.36 × 109 s−1 and slow kIC of 1.94 × 108

s−1. As a result, the corresponding deep-blue OLED device
based on tCz-SFI achieved exceptional performance, with an

EQEmax of 12.55% and CIE coordinates of (0.161, 0.043).
This work introduces a novel SFI skeleton for efficient
hot exciton harvesting, supported by detailed structure-
property studies and offering a candidate for next-generation
deep-blue electroluminescent materials.
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