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Thermally activated delayed fluorescence (TADF) materials driven by a through-space charge transfer
(TSCT) mechanism have garnered wide interest. However, access of TSCT-TADF molecules with long-
wavelength emission remains a formidable challenge. In this study, we introduce a novel V-type D-
A-D-A’ emitter, Trz-mCzCbCz, by using a carborane scaffold. This design strategically incorporates car-
bazole (Cz) and 24,6-triphenyl-1,3,5-triazine (Trz) as donor and acceptor moieties, respectively. The-
oretical calculations alongside experimental validations affirm the typical TSCT-TADF characteristics of
this luminogen. Owing to the unique structural and electronic attributes of carboranes, Trz-mCzCbCz
exhibits an orange-red emission, markedly diverging from the traditional blue-to-green emissions ob-
served in classical Cz and Trz-based TADF molecules. Moreover, bright emission in aggregates was ob-
served for Trz-mCzCbCz with absolute photoluminescence quantum yield (PLQY) of up to 88.8%. As such,
we have successfully fabricated five organic light-emitting diodes (OLEDs) by utilizing Trz-mCzCbCz as
the emitting layer. It is important to note that both the reverse intersystem crossing process and the
TADF properties are profoundly influenced by host materials. The fabricated OLED devices reached a
maximum external quantum efficiency (EQE) of 12.7%, with an emission peak at 592 nm. This repre-
sents the highest recorded efficiency for TSCT-TADF OLEDs employing carborane derivatives as emitting

layers.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Organic light-emitting materials have attracted huge atten-
tion because of their promising applications in future lighting,
displays and medicine [1-4]. Recently, thermally activated de-
layed fluorescence (TADF) molecules which can harvest both sin-
glet and triplet excitons become the focus in science and in-
dustry [5-9]. For the TADF mechanism, the ambient thermal en-
ergy is instrumental in promoting efficient reverse intersystem
crossing (RISC) from the triplet (T;) to the singlet (S;) excited
states. This process is facilitated by the small energy gap (AEsr)
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between these states, typically <0.25eV, which is conducive to
an effective RISC process. The RISC process generally unfolds on
the microsecond (us) scale [10]. Since this foundational discovery,
TADF-active materials have been extensively developed and opti-
mized, which further significantly improve organic light-emitting
diodes (OLED) performances [11-13]. The mechanisms underly-
ing TADF are primarily categorized into through-bond charge
transfer (TBCT) and through-space charge transfer (TSCT), which
are pivotal for the practical implementation of TADF in various
applications.

As TBCT molecules, the donor (D) and acceptor (A) units are
interconnected via conjugated linkages, allowing i -electron delo-
calization to extend along o-bonds [14]. The dihedral angle be-
tween D and A units critically influences the charge distribution.

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. Synthesis of Trz-mCzCbCz.

[15-17]. A larger dihedral angle correlates with well spatial separa-
tion between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO), which means
a smaller AEgsr. In comparison, TSCT occurs in spatially isolated
molecules or molecular fragments, where the D/A moieties are
close to each other without direct chemical bonding [18-20]. Emit-
ters featuring TSCT have shown considerable promise in the de-
sign of photoelectric materials [21-25]. Emitters designed with
TSCT characteristics are distinguished by several features [20,26-
31]: (1) The spatial separation between D and A units facilitates
the spatially separated frontier molecular orbitals and simultane-
ously enhances the radiative decay rates. (2) The molecular ar-
chitecture mitigates the reduction in photoluminescence quantum
yield (PLQY) typically caused by intermolecular 7r-7r interactions in
solid-state environments. (3) The inherent conformational flexibil-
ity of TSCT molecules renders them to respond to external stimuli,
enhancing their utility in dynamic applications. (4) The structural
freedom inherent in the TSCT design expands the diversity of TADF
materials. (5) The reduction in electronic coupling between D and
A units in TSCT molecules generally results in a larger energy gap.
Presently, the exploration of TSCT molecules for photoelectric ap-
plications is garnering significant interest. Nonetheless, the devel-
opment of high-efficiency TADF emitters that leverage the TSCT ef-
fect has predominantly been confined to the blue-to-green spectral
region [32-34].

Carboranes (i.e., C;B1gHqy) are icosahedral clusters with three-
dimensional (3D) delocalization, bulky size (~1nm), high ther-
mal stability, and special electronic properties [35,36]. The
carborane group exhibits strong electron-withdrawing ability
via C-substitution and weak electron-donating property via B-
substitution. Due to these special properties, luminescent mate-
rials employing o-carborane as a functional unit usually exhibit
striking photoelectric properties, including stimuli-response [37-
42], excitation-dependent emission [43], multi-emission [44-48],
circularly polarized luminescence [49], and so on [50-53]. Partic-
ularly, carboranes effectively mitigate aggregation-caused quench-
ing effects, resulting in noteworthy solid-state luminescence [54-
58]. So far, carboranes have been widely utilized in sensing
[59,60], biological imaging [61-63], and photovoltaics [64]. How-
ever, carborane-based TADF emitters and OLEDs are rarely reported
[65-69]. In 2016, carborane-based OLED featuring a TSCT-TADF
process was firstly reported [70]. Nowadays, carborane turned out
to be a promising scaffold to realize a TSCT process because of
the unique non-conjugated 3D structure. Since the strong electron-
withdrawing ability, carborane may fine-tune the energy levels of

luminogens, and is identified as a promising candidate for de-
signing long-wavelength luminogens spanning from orange-red to
near-infrared (NIR) regions [39,49,56,57].

In this context, a non-symmetric D-A-D-A’ type emitter Trz-
mCzCbCz is designed and synthesized, in which carbazole (Cz)
is employed as a D unit, 2,4,6-triphenyl-1,3,5-triazine (Trz) and
carborane are selected as A and A’ groups (Scheme 1). Note that
the terminal and internal Cz are denoted as Cz;, Cz,, respec-
tively. Theoretical calculations show that this molecule involves
a TSCT process between Cz; and Trz groups. In addition, due
to the strong electron-withdrawing property of carborane, the
energy level of HOMO and LUMO is considerably reduced. As
a result, Trz-mCzCbCz has been experimentally confirmed with
distinct TADF property. Moreover, Trz-mCzCbCz in a doped-film
state exhibits orange-red emission with a PLQY of up to 88.8%.
By employing this molecule as an emitter, five OLED devices
have been manufactured, among which the maximum electro-
luminescent wavelength of 592nm and a maximum external
quantum efficiency (EQE) of 12.7% have been achieved. To the
best of our knowledge, this is the highest efficiency of carborane-
based TSCT-type OLED. Through the use of the advantages of
carborane, the current research provides a novel strategy for the
development of TSCT-TADF molecules featuring orange or red
emissions.

Cz and Trz are popular building blocks for constructing TADF
emitters owing to a wide range of sources, excellent charge-
transporting ability, and good thermal and electrochemical stabil-
ity. Emitters employing Cz/Trz have been mainly limited to the
blue-to-green emission. Therefore, selecting both as D/A segments
can not only guarantee good photophysical properties and stabil-
ity of the luminogen, but also highlight the ability of carborane
which can affect wavelength. The introduction of Cz, between
Czq; and Trz groups is expected to regulate the LUMO and con-
struct a suitable conformation for TSCT between the Cz; and Trz
groups. The synthetic route of Trz-mCzCbCz is shown in Scheme
1. Initially, the Sonogashira cross-coupling reaction between Cz-Si
[71] and Cz-PhA [72] afforded the precursor Cz-PhA-CzSi, which
subsequently reacted with BigH;2(CH3CN), to give the carborane
derivative Cz-PhCb-CzSi. By the desilylation reaction, the precur-
sor Cz-PhCb-Cz was prepared. Then, Trz-mCzCbCz was obtained
from the Buchwald-Hartwig reaction between Cz-PhCb-Cz and 2-
(3-bromophenyl)-4,6-diphenyl-1,3,5-triazine. 'H, 13C, and "B NMR
spectroscopy were used to characterize the structure. The details
of the synthesis and characterization data are provided in the Sup-
porting information.
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Fig. 1. The selected chemical bonds and dihedral angles of (a) crystal G and (b) crystal Y.

Table 1
Photophysical data of Trz-mCzCbCz in different states at room temperature.
Toluene Neat film Powder Crystal G Crystal Y mCP film DBFPO film
Aem (nm) 5822 5552 524 533 553 583 2 591 2
7 (ns) 15.1/621.6 28.8/1200° 7.5/38.7 6.6/52.1 6.4/85.8 10.7/8700 2 9.9/9600 @
PLQY (%) 5.3 65.3 51.8 405 25.4 88.8 82.6
3 Measured in N, atmosphere.

Tr.z—mCszCz possesses good thermal property With a decom- Hole ., ! Particle )
position temperature of 491 °C (5% weight loss, Fig. S1 in Support- , & o . é*
ing information). The HOMO energy level determined from electro- 2 s 2a il 2 : Y > 2,
chemical data is —6.8eV (Fig. S2 in Supporting information). The J o, rl o I 'a‘:‘, by Q‘M
energy gap (Eg) is 3.7eV estimated from the onset of the UV-vis i w7 :‘&, I 4‘1 ’h» ﬁﬁ
spectrum. The LUMO energy level is —3.1eV calculated by the for- (% A3 : *‘N" ,3,"
mula LUMO =HOMO + Eg. Compared with the molecules based on S o, 1 . &3;4\"

Cz and Trz groups in literature [73], Trz-mCzCbCz possesses deeper R 1 = d.‘f”
energy levels of HOMO and LUMO, which should be caused by the — J L
electron-withdrawing property of the carborane group. 3o° I S’

The single crystal X-ray diffraction analysis for Trz-mCzCbCz :3,‘8 1 :3 3
was performed. The crys.tal structures including pa.cking structure 5 Ya '\‘3:‘3,33: : , Ya | /’}Q;’J
diagrams, crystallographic data, and selected chemical bonds and s, : ? 29 I sgPe®, : j A1
dihedral angle data are shown in Fig. 1, Table 1, Tables S1-S3 24 o g I a0 ° -
and Figs. S3-S5 (Supporting information). Interestingly, two types M Y : Y Forg
of crystals of Trz-mCzCbCz were obtained, which grew from the T ¥ 5 | ? &2
mixed solvents of DCM/MeOH showing green (G) and yellow (Y) ,,:’%,, 1 ,;:J%J,
emissions. During the crystal growth, crystal G appeared first, J\f ‘5‘ : J;‘-‘,J

which could become yellow emission by heating or grinding, thus
crystals G and Y should be kinetic and thermodynamic products,
respectively. Both crystals G and Y exhibit a V-type shape. No obvi-
ous differences for the selected angles ¢1-¢5 and the C;-C; bond
lengths were observed (Tables S2 and S3 in Supporting informa-
tion), and the packing diagrams of crystals G and Y are mirror-
symmetric (Fig. 1). The dihedral angles between the Cz; and Trz
(¢g) for crystals G and Y are 42.5° and 41.7°, respectively, which
leads to an edge-to-face alignment of the D/A counterpart. In addi-
tion, three intramolecular C-H.--H-C interactions between D and A
units are observed for both crystals (Figs. 1a and b), which is bene-
ficial for the efficient TSCT process. Moreover, the bonding distance
between C-H---H-C interactions, for instance y and y’ is 0.082 A,
which may be the reason for the emissive difference between crys-
tals G and Y.

To gain insight into the electronic structure of Trz-mCzCbCz,
density function theory (DFT) and time-dependent DFT (TD-DFT)
simulations were carried out. For the S; state, the “hole” is dis-
tributed on the Cz; and the adjacent phenylene, while the “parti-
cle” is located on the Trz unit (Fig. 2). The calculation predicts the
TSCT process of Trz-mCzCbCz in the excited state. The energy lev-
els of S; and T; states are 2.73 eV and 2.56 eV, respectively. There-

Fig. 2. Frontier orbital distributions of Trz-mCzCbCz.

fore the calculated AEsy is 0.17 eV, indicating that an efficient RISC
process could occur between S; and Ty.

The UV-vis spectrum of Trz-mCzCbCz in the neat-film state is
shown in Fig. 3a. In the absorption spectra, the bands at 244 nm
and 277 nm are mainly attributed to the w-7* transitions of Cz
units, and the shoulder around 326 nm is attributed to the charge
transfer transition. Moreover, we also measured the UV-vis spec-
trum in toluene (Fig. S6 in Supporting information). The two bands
at 325 and 338nm may be attributed to the m-m* transition.
The shoulder around 355nm may be attributed to the charge
transfer transition. Generally, the weakest absorption peak should
be located at 450nm or longer wavelengths in orange-red TSCT
molecules. However, many studies found that the weakest ab-
sorption peak is blue-shift in carborane-based orange-red TSCT
molecules [53,54].

The fluorescence and phosphorescence spectra of Trz-mCzCbCz
were measured in dilute toluene solution (10> mol/L) as illus-
trated in Fig. 3b. At 298K, the spectrum shows an unstructured
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Fig. 3. (a) UV-vis spectrum of Trz-mCzCbCz at room temperature in neat film. (b) The fluorescence and phosphorescence spectra of Trz-mCzCbCz in dilute toluene
(10-°> mol/L). (c) The photoluminescence spectra of Trz-mCzCbCz in aggregate states. (d) Transient PL spectra of Trz-mCzCbCz at room temperature.

and broad profile, and the maximum emission peak (Aem) is lo- To obtain additional insights into the photophysical properties
cated at 582 nm with a shoulder around 450 nm. According to liter- of Trz-mCzCbC(z, its emission spectra in neat film, powder and
ature [74], the shoulder is caused by the TBCT process from Cz, to crystals G and Y were also measured (Fig. 3c), of which Aey are
Trz. At 77K, the fluorescence spectrum exhibits obvious dual emis- located at 555nm, 524nm, 533nm and 553 nm, respectively. In
sions at 410 nm and 568 nm, which suggests that the TBCT process these aggregate states, no shoulders in the high-energy region
is enhanced. The phosphorescence spectrum also shows two emis- were observed, and the full width at half maximum (FWHM) are
sion peaks at 420 and 570 nm. From the onsets of the fluorescence obviously decreased compared with those in toluene, indicating a

and phosphorescence spectra, AEst of Trz-mCzCbCz is estimated dominant TSCT process. Transient PL decay curves of these aggre-
to be 0.0975eV, which is small enough for a RISC process. Then, gate states exhibit two-exponential decay, as shown in Fig. 3d and
we measured the transient decay spectrum in degassed toluene at Table 1. The 7pr and tpf values of Trz-mCzCbCz in the neat film
room temperature (Fig. 3d and Table 1). The lifetimes of prompt are 28.8ns and 1.2 ps, respectively, which manifests the typical
decay (7pr) and delay decay components (tpg) are estimated to be TADF characteristic. However, the lifetimes of powder and crys-

15.1 ns and 621.6 ns, respectively. tals are all in the nanosecond scale owing to the m-m stacking.
@ _ % (b)
‘;- 55 i = 280K
« 50 ¢ 240K
w  ag 1 + 200K
o 45 © 160K
x 401 < 120K
> 35 . 80K
E 30
8 25
£
E 20
G 16
2 10
E 5. i’l. A =
0 T T T T T T T T T T T
400 450 500 550 600 650 700 750 800 0 20 40 60 80 100
Wavelength (nm) Time (ps)
(c) 350 (d) ]
3 10y . 280K
« 300 : © 240K
- 10*4 4 200K
e 250 + 160K
x 120K
2 200 > 80K
5
<
$ 150
£
§ 100+
8
£ 504 B
w
0- T T T T T T T T T T T T T T T T T
400 450 500 550 600 650 700 750 800 0 10 20 30 40 50 60 70 80 90 100

Wavelength (nm) Time (ps)
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film. (d) Transient PL decay curves of DBFPO doped-film.
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The PLQY of Trz-mCzCbCz in the dilute toluene solution is rel-
atively low at 5.3%. This reduced efficiency can be ascribed to
non-radiative decay processes, predominantly influenced by vibra-
tions of the carborane C;-C, bond in solution, as documented
in previous studies [61]. In stark contrast, in aggregated states
the PLQYs exhibit a substantial increase, reaching up to 65.3%.
This significant enhancement in quantum yield indicates the po-
tential of Trz-mCzCbCz as a luminescent material for application
in OLEDs.

To further investigate the TADF characteristic and evaluate
the potential as the emission layer of OLED, we measured
the temperature-dependent PL spectra and transient PL decay
curves of Trz-mCzCbCz in the doped films (20 wt%). Here, 9,9'-
(1,3-phenylene)bis-9H-carbazole (mCP) and dibenzo[b,d]furan-2,8-
diylbis(diphenylphosphine oxide) (DBFPO) were selected as the
host materials (Fig. 4). With the temperature decreased from 280K
to 80K, the Trz-mCzCbCz in mCP film and DBFPO film exhibits the
reduced PL intensity with Aem at 583 and 591 nm, respectively. The
slight red shift of Aem in different hosts is caused by the higher po-
larity of hosts. Note that, Aep in doped films have a significant red-
shift compared to neat film, which may be caused by the formation
of exciplex between the emitters and host molecules. Besides, the
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DBFPO doped film shows an obvious shoulder around 430 nm in PL
spectra, which suggests that the host material may affect the ratio
between TBCT and TSCT. The tpg values of Trz-mCzCbCz doped in
mCP and DBFPO are 8.7 us and 9.6 ps, respectively. As the tem-
perature is decreased, the delayed components of the transient PL
spectra are decreased, which demonstrates the TADF characteristic
in both films. Moreover, Trz-mCzCbCz in the mCP host emerges a
higher ratio of delay decay component and a shorter tpg. This re-
sult clarifies that the mCP host would be conducive to a small AEst
and effective RISC process compared to DBFPO. Exhilaratingly, Trz-
mCzCbCz exhibits high PLQY of 88.8% and 82.6% in mCP and DBFPO
host, respectively. Thus, we can employ both as host materials to
construct OLED devices.

The above excellent photophysical properties of Trz-mCzCbCz
inspired us to investigate electroluminescence (EL) performances.
Due to the deep HOMO energy, we selected DBFPO as the host ma-
terial and designed the device structure as shown in Fig. 5a. The
structures of the materials involved in these devices are shown
in Fig. 5b. The devices A-D correspond to non-doped, 10 wt%, 20
wt% and 30 wt% concentration of Trz-mCzCbCz, respectively. The
detailed device data are presented in Fig. 5 and Table 2. The shoul-
ders of PL spectra are absent in EL spectra, indicating that the TSCT
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Fig. 5. (a) Schematic diagram and energy level of devices A-D. (b) Molecular structures of the compounds used in the devices. (c) Normalized EL spectra at 10V of these
devices. (d) Power efficiency (PE), current efficiency (CE) versus luminance of these devices. (e) Luminance-voltage-current density (L-V-J) curves. (f) EQE versus luminance

of these devices.
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Table 2
Device performances of Trz-mCzCbCz.

Chinese Chemical Letters 36 (2025) 110520

Device Von (V) Jmax (MA/cm?) CEmax (cd/A) PEmax (Im/W) EQEmax (%) Amax (NmM) @10V Linax (cd/m?) CIE? 1931@10V
A 431 477.44 14.05 9.56 5.77 572 5158 (0.48, 0.49)
B 6.36 29.66 16.21 8.00 5.81 564 490 (0.45, 0.49)
C 6.12 145.07 14.25 7.30 6.29 584 1977 (0.49, 0.47)
D 4.62 274.62 14.45 9.22 5.64 564 2091 (0.45, 0.50)
E 15.22 211.55 29.95 0.01 12.70 5922 2055 (0.51, 0.47)°

2 CIE denotes Commission Internationale de L’Eclairage.
b Measured at 20V.

process is dominant in the EL process (Fig. 5c¢). Besides, the dop-
ing concentration also affects the current efficiency (CE), power ef-
ficiency and the J-V-L characteristics (Figs. 5d and e). Non-doped
device A shows a small turn-on voltage of 4.3V, indicating a good
charge injection and transport. However, device C shows the max-
imum external quantum efficiency (EQE) of 6.29%. EQE of all these
devices exceeds 5% (Fig. 5f). To obtain a higher value of EQE, we
adopted mCP as a host material and designed device E with a
structure as shown in Fig. 6a. Because the energy levels of mCP and
DBFPO are different, it is necessary to design different structures to
obtain better performance. So, the structure of device E is different
from that of devices A-D. The concentration of Trz-mCzCbCz in de-
vice E is 20 wt%. As a result, device E demonstrates a much higher
EQE of 12.7% owing to the more efficient RISC process of mCP
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doped-film. This represents the best performance among the TSCT-
type OLEDs based on carborane derivatives. However, the turn-on
voltage is 15.2V, and the PE value is 0.01lm/W (Fig. 6 and Table
2).

In summary, a novel V-type D-A-D-A’ TADF emitter of Trz-
mCzCbCz featuring a TSCT characteristic has been designed and
synthesized. The donor/acceptor units of Cz/Trz as well as the
unique carborane scaffold endow the molecule with special struc-
tural and electronic properties. This leads to the excellent TSCT-
type TADT emitter exhibiting an orange-red emission with PLQY
up to 88.8%. The fabricated OLED device using Trz-mCzCbCz as an
emitter reaches an EQE of 12.7% with a long-wavelength emission
at 592 nm. This is the highest EQE among the boron cluster-based
TSCT-TADF molecule.
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Fig. 6. (a) Schematic diagram and energy level of device E. (b) Molecular structures of the compounds used in the device E. (c) Normalized EL spectrum at 20V of device E.
(d) PE, CE versus luminance of device E. (e) L-V-J curves of device E. (f) EQE versus luminance of device E.
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