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Abstract 

Bicarbazole derivative 4,4'-(9H,9'H-[3,3'-bicarbazole]-9,9'-diyl)bis(3-
(trifluoromethyl)benzonitrile), denoted as pCNBCzoCF3 was synthesized and tested for white 
OLED applications. pCNBCzoCF3 demonstrated extremely small value of the singlet-triplet 
energy gap that caused intensive thermally-activated delayed fluorescence (TADF). In addition, 
this compound is able to form exciplex-type excited states at the interface with star-shaped 4,4′,4′′-
tris[phenyl(m-tolyl)amino]triphenylamine (m-MTDATA). Combining TADF emission of 
pCNBCzoCF3 with the exciplex emission from the pCNBCzoCF3/m-MTDATA interface we 
fabricated a number of highly efficient “warm-white” OLEDs electroluminescence of which were 
close to candle emission. The best device demonstrated very high brightness of 40900 Cd/m2 (at 
15 V), current efficiency of 53.8 Cd/A and power efficiency of 19.3 lm/W, while the external 
quantum efficiency reached 18.8 %. The fabricated devices demonstrated high emission 
characteristics even for the standard test at 1000 Cd/m2 (current efficiency of 46.2 Cd/A, power 
efficiency of 10.6 lm/W, EQE of 17.0 %).  

Introduction 

Fabrication of highly luminous warm-white light-emitting multilayered devices on thin flat 
substrates opens up promising lighting sources for residential space and display 
applications.1-5 During recent years a considerable and sustainable improvement has been 
witnessed for lighting characteristics of organic light-emitting devices (OLEDs), primarily 
reflecting the progress in design and synthesis of organic materials exhibiting thermally-
activated delayed fluorescence (TADF).6-12 TADF is usually observed for molecules that 
are characterized by quasi-degenerate first singlet (S1) and first triplet (T1) excited states, 
i.e. with singlet-triplet gaps (EST)  being at the kT scale, making it possible to activate the 
spin-forbidden T1→S1 transition by thermal influence. TADF-based OLEDs usually 
demonstrate high internal quantum efficiency (IQE) by converting nearly 100% of the 
injected carriers into photons. The design and synthesis of highly efficient TADF materials 
is, however, rather difficult task because of the very sensitive balance between T1→S1 
reverse inter-system crossing (RISC) and the radiative decay by S1→S0 transition. As a 
general trend, the RISC probability increases with the constriction of the EST gap.13 
A good way to achieve small EST gap values is to manipulate the space separation of 
HOMO and LUMO wave-functions by breaking up π-conjugation between donor (D) and 
acceptor (A) moieties in organic molecular materials, for example by a mutual rotation of 
D and A fragments along a σ-bond.13 However, an orthogonal orientation between D and 
A fragments inhibits the radiative decay upon S1→S0 transition that causes low TADF 
intensity. A compromise solution for this problem could be the partial mutual rotation of D 
and A moieties stabilized by the intramolecular interactions that provides non-zero electron 
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density in the common molecular fragments.14,15 Such HOMO-LUMO configurations make 
it possible to characterize the S1→S0 transition by an intensity that is sufficiently high for 
utilization in TADF-based OLEDs. Although the number of TADF materials grows 
significantly every year, it still remains limited comparing with “wide-gap” fluorophores 
and phosphors. 
Recently, a new family of bicarbazole-based TADF materials was synthesized through a 
simple one-step catalyst-free C–N coupling reaction, by using 9H,9'H-3,3'-bicarbazole and 
alkyl substituted fluorocyanobenzene as starting reagents.16 These compounds were used 
as host materials for another type of TADF green dopant 2,3,5,6-tetra(9H-carbazol-9-yl)-
4-cyano-pyridine (4CzCNPy). All the devices described in ref.16 exhibit only green 
electroluminescence (EL) of 4CzCNPy, while no emission from the host bicarbazole-based  
materials was observed. In the present work we take this idea a step further by using the 
material not only as host matrix but also involving it in the emission process. We thereby 
take into account the fact that carbazole derivatives are able to form exciplexes at organic-
organic interfaces with star-shaped molecules,5 a feature which, as we show here, can be 
used for broadening of  EL spectra of OLEDs.  
In the present work we studied behaviour in OLED of bicarbazole-based TADF material 
4,4'-(9H,9'H-[3,3'-bicarbazole]-9,9'-diyl)bis(3-(trifluoromethyl)benzonitrile) (Scheme S1), 
named as pCNBCzoCF3, the synthesis of which was reported recently16. In contrast to the 
previous work, we here propose to use pCNBCzoCF3 as both the emissive and exciplex-
forming material for the fabrication of white OLED (WOLED). Combining TADF 
emission of pCNBCzoCF3 with the exciplex emission from the organic-organic interface 
between pCNBCzoCF3 and the layers of star-shaped 4′′-tris[phenyl(m-
tolyl)amino]triphenylamine (m-MTDATA) we fabricated highly-efficient WOLEDs with 
a warm-white emission. 
Computational details 

A theoretical interpretation of the electronic spectra of pCNBCzoCF3 was performed by 
the time dependent (TD)17 density functional theory (DFT) method using the common 
three-parameterized exchange-correlation B3LYP functional18,19 with the  
6-31G(d)20 basis set in the vacuum approximation and also within the polarizable 
continuum model (PCM)21 for accounting the effect of an embedding tetrahydrofuran 
(THF). In both cases we have used the equilibrium geometries of pCNBCzoCF3 optimized 
in vacuum approximation and in THF, respectively, by the same B3LYP/6-31G(d) method. 
All the calculations were carried out using the Gaussian 09 program package. 

Experimental methods 

The synthesis of 4,4'-(9H,9'H-[3,3'-bicarbazole]-9,9'-diyl)bis(3-
(trifluoromethyl)benzonitrile) (pCNBCzoCF3)16 is described in SI. 
Photoluminescence (PL) and UV spectra of thin films prepared by the vacuum deposition 
technique were recorded with the Edinburgh Instruments FLS980 and PerkinElmer 
Lambda 25 spectrometers, respectively. To separate the phosphorescence spectra of the 
film of pCNBCzoCF3, the emission spectrum was recorded at 77 K with the delay time 
exceeding 50 ms.22-24  Edinburgh Instruments FLS980 spectrometer and PicoQuant LDH-
D-C-375 laser (wavelength 374 nm) as the excitation source were used for recording PL 
decay curves and PL intensity dependencies on laser flux of samples at room temperature. 
Characterization of photophysical properties of the samples at different temperatures in 
inert atmosphere (N2) was performed using a variable temperature liquid nitrogen cryostat 
(Optistat DN2). 
Three types of OLEDs were fabricated by means of vacuum deposition of organic 
semiconductor layers and metal electrodes onto a precleaned ITO-coated glass substrate 
under vacuum of 10-5Torr: 

A) ITO/CuI/TCTA/pCNBCzoCF3/BCP/Ca:Al 



 

 

B) ITO/CuI/m-MTDATA/pCNBCzoCF3/BCP/Ca:Al 
C) ITO/CuI/TCTA/pCNBCzoCF3/m-MTDATA/ pCNBCzoCF3/BCP/Ca:Al 

The devices were fabricated by stepwise deposition of the different organic layers. The 
chemical structures of organic compounds used for the fabrication of devices A-C are 
presented in Figure 1. CuI was used as a hole-injection layer.25 Tris(4-carbazoyl-9-
ylphenyl)amine (TCTA) and 4,4′,4′′-tris[phenyl(m-tolyl)amino]triphenylamine (m-
MTDATA)26-28 were used for the preparation of hole-transporting layers. pCNBCzoCF3 
was used as a fluorescent (TADF) material, while 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP)29 was used for the preparation of electron-transporting layer which 
alleviates the stepwise electron transfer from the Ca:Al cathode to the emissive layer. 

 

Figure 1. The structures of TCTA, m-MTDATA, pCNBCzoCF3 and BCP. 

The density–voltage and luminance–voltage dependences were recorded using a semiconductor 
parameter analyser HP 4145A. Measurement of brightness was obtained using a calibrated 
photodiode.30 Electroluminescence (EL) spectra were recorded with an Ocean Optics USB2000 
spectrometer. Ionization potential (IP) for the pCNBCzoCF3 film was measured in air by the 
electron photoemission method as reported earlier.31 The samples were fabricated by means of 
vacuum deposition at 10−5 Torr onto fluorine doped tin oxide coated glass substrates. The 
experimental setup consisted of a deep-UV deuterium light source ASBN-D130-CM, a CM110 
1/8m monochromator, a 6517B Keithley electrometer. Charge-transporting properties of the 
compound were investigated by time-of-flight (ToF) technique with setup similar to the previously 
described one.32 

Results and discussion 

Spectroscopic characterization of pCNBCzoCF3 

The experimental absorption spectrum of the solution of pCNBCzoCF3 in THF recorded 
at ambient conditions is presented in Figure 2 (orange line). For the comparison, the 
theoretical spectrum simulated by the TD DFT method accounting for the PCM model is 
shown in Figure 2 (blue line). The first singlet electronic transition in the spectrum of 
pCNBCzoCF3 is reflected at 447.6 nm (Table 1) but appears only weakly in the 
experimental and theoretically simulated spectra. Accounting the fact that pCNBCzoCF3 
is a σ-bond coupleddimer of 4-(9H-carbazol-9-yl)-3-(trifluoromethyl)benzonitrile the first 
singlet and triplet excited states are almost doubly degenerated. Due to the absence of strict 
symmetry constraints the S1 and S2 states are split by 0.2 nm in our calculations and the T1 
and T2 states are split by 0.3 nm (Table 1). As it can be seen from Figure 3 both S1 and S2 
states of pCNBCzoCF3 are of charge transfer (CT) type and these transitions correspond 



 

 

to electron density moving from 3-(trifluoromethyl)benzonitrile moieties to carbazole 
units. It is a general rule that CT transitions are characterized by a very weak intensity and 
also are sensitive to the influence of a solvent.33 Indeed, the energy of S1 and S2 states 
increase significantly in THF environment (2.77 eV) comparing with the vacuum 
approximation (2.64 eV). 
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Figure 2. Absorption and emission spectra of pCNBCzoCF3. 

 

Figure 3. MOs levels diagram for pCNBCzoCF3 (italic numbers are the MOs energies in 
eV). 

Due to weak intensity of the S0→S1 transition the photoluminescence quantum yield of 
pCNBCzoCF3 was measured as 19.3 and 20 % for the THF solution and solid film state, 
respectively, indicating the dominant role of non-radiative quenching processes in the 
deactivation of the first excited singlet state.  
The long-wavelength shoulder in the absorption spectrum of pCNBCzoCF3 solution (310-
370 nm) can be assigned to the manifold of weak singlet-singlet electronic transitions  
S0→S3–14. Among them the electronic transitions into S5 and S12 states are the most intense 
(Table 1). The high-intensity absorption band at ca. 290 nm corresponds to two electronic 
transitions S0→S15 and S0→S20 from the frontier occupied MOs into the high-lying 
unoccupied orbitals.  
 
Table 1. Assignment of absorption spectrum of pCNBCzoCF3 together with estimations of S1 and 
T1 energies. 



 

 

Sta

te nm nm 

Eexp./Et

heor., 

eV 

f Assignment 

T1 449.4  - 

2.64a/2

.586c/2

.757e 

/2.447f 

0 

HOMO → 

LUMO 

(78%) 

T2 449.1 - - 0 

HOMO → 

LUMO+1 

(78%) 

S1 447.6 - 

2.83b/2

.597d/2

.768e 

/2.455f 

0.00

24 

HOMO → 

LUMO 

(91%) 

S2 447.4 - - 
0.00

11 

HOMO → 

LUMO+1 

(91%) 

S5 349 342 - 
0.02

0 

HOMO → 

LUMO+2 

(91%) 

S12 318 330 - 
0.06

7 

HOMO → 

LUMO+5 

(88%) 

S15 289 289 - 
0.52

5 

HOMO → 

LUMO+6 

(79%) 

S20 281  - 
1.10

3 

HOMO-1 → 

LUMO+4 

(67%) 

a) Estimated from the phosphorescence spectrum (at 77 K) in Ref 16.  

b) Estimated from fluorescence spectrum (at 77 K) in Ref 16. 

c) Estimated from the phosphorescence spectrum of solid film (at 77 K) in this work. 

d) Estimated from the photoluminescence spectrum of solid film (at 77 K) in this work. 

e) Calculated by the TDDFT B3LYP/6-31G(d) method with PCM model (THF) 

f) Calculated by TDDFT B3LYP/6-31G(d) method with PCM model (THF) in adiabatic 

approximation. 
 
The most intriguing property of pCNBCzoCF3 is extremely small ΔEST. As one can see 
from Figure 2 both PL and phosphorescence spectra of the solid film of pCNBCzoCF3 are 
characterized by almost the same peak positions. The PL maximum appears at 477.0 nm 
(red curve) while the highest energy vibronic sub-band in the phosphorescence spectrum 
(left-hand shoulder at the green curve) appears at 479.0 nm. These values correspond to 
ΔEST value of only 0.011 eV, which is favourable for efficient TADF emission. Such a 
small ΔEST value is in complete agreement with our vertical TD DFT calculations (2.768 
eV for S1 and 2.757 eV for T1) proving the equivalent ΔEST value (0.011 eV). We have 
additionally performed the computations for the ΔEST value in adiabatic approximation by 
the direct optimization of S1 and T1 excited states within TDDFT/B3LYP/6-31G(d) 
method. The calculated adiabatic difference between S1 (2.455 eV) and T1 (2.447 eV) states 
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was found to be only 0.008 eV in a complete agreement with “vertical” approximation and 
experimental value. Moreover, the calculated 0-0 energies for S1 and T1 states are even in 
better agreement with the experimental values than “vertical“ energies (Table 1).  
Here we should note that our ΔEST value is in some inconsistency with the data of Ref.16 
where ΔEST for pCNBCzoCF3 was estimated to be of 0.19 eV. Such mismatch in the 
singlet-triplet energy splitting values (0.19 eV in Ref. vs. 0.02 eV) originates from the 
different PL spectra of the solid film of pCNBCzoCF3 recorded at 77 K. The PL spectrum 
presented in Ref.16 consists of double emission peaks at 449 and 468 nm in contrast to our 
data (478 nm). At the same time, the phosphorescence spectra recordered by us and by the 
authors of Ref.16 are closely similar (double-peak curve profile with 474 and 489 nm 
maxima in Ref.16 vs. 474 and 491 nm in this work). In any case, we believe that the ΔEST 
value of 0.19 eV reported in Ref.16 is overestimated since such a high singlet-triplet splitting 
can not necessitate the pronounced TADF behaviour of pCNBCzoCF3. 
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Figure 4. Photoluminescence decay curves of vacuum deposited layer of pCNBCzoCF3 in 

nanosecond time ranges; (insert) the dependence of PL intensity of the  layer of pCNBCzoCF3  
on laser flux (insert: PL spectra recorded at the different excitation power). 

 
The TADF nature of pCNBCzoCF3 emission was confirmed by PL decay measurements 
for the neat film of pCNBCzoCF3 (Figure 4). The double exponential law for the PL decay 
curve of the solid sample of pCNBCzoCF3 was required for fitting (χ2=1.157) of the decay 
curve according to the formula A+B1exp(-t/τ1)+B2exp(-t/τ2). The corresponding PL 
lifetimes τ1=17.36 ns (83 %) and τ2=503 ns (17 %) were obtained. The second component 
(τ2) is much shorter than that of 8.12 μs earlier recorded for the solution pCNBCzoCF3 in 
toluene.16 The longer-lived component of the decay can be determined by two effects; one 
being due to the triplet-triplet annihilation34, the other being due to the TADF effect35. 
However, with a linear dependence of PL intensity on laser flux with slope of ca. 1 for the 
solid layer of pCNBCzoCF3 (Figure 4), this longer-lived component must be attributed to 
the reverse intersystem crossing process (RISC), proving the TADF nature of PL emission 
of pCNBCzoCF3. Additionally, temperature dependences of PL spectra and PL decays 
were recorded for pCNBCzoCF3 film (Figure S5). The most intensive PL, consting of both 
fluorescence and phosphorescence, was observed at 80 K. PL intensity decreased with 
increasing temperature up to 180K due to phosphorescence quenching. At temperatures 
higher than 180K, PL intensity started increase. This increase of PL intensity was caused 
by TADF  
 
Solid-state ionization potential and charge-transporting properties of the layers of 
pCNBCzoCF3 

Solid-state ionization potential (IP) of 5.84 eV was recorded for the solid layer of 
pCNBCzoCF3 by electron photoemission method (Figure 5a). This IP value observed for 
the vacuum deposited layer of pCNBCzoCF3 was found to be higher than that obtained 
from the electrochemical measurements (HOMO(CV) of −5.41 eV)16. Such disagreement 



 

 

in the IP values is apparently due to intermolecular interactions of pCNBCzoCF3 molecules 
that can take place in the solid layers. Having the solid-state IP energy levels of 5.84 eV 
and the solid-state optical band-gap energy (Eg) of ca. 2.92 eV16, electron affinity (EA) was 
calculated as EA = IP – Eg = 2.92 eV. Therefore, the HOMO and LUMO values of -5.84 and 
-2.92 eV were used to design OLEDs as they are related to IP and EA, respectively. 
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Figure 5. (a) Electron photoemission spectrum of the vacuum deposited layer of pCNBCzoCF3 
(b) electric field dependencies of hole and electron mobilities and the hole and electron TOF 

transient curves for pCNBCzoCF3 in log-log scales (inserts). 

Charge-transporting properties of pCNBCzoCF3 were studied by time-of-flight (TOF) 
method taking into account that charge mobility values were not obtained for 
pCNBCzoCF3 in the previus article.16. Figure 5b shows electric field dependencies of hole 
and electron mobilities of the vacuum deposited layer of pCNBCzoCF3 Bipolar nature of 
charge transport in was proved by observing transit times for both holes and electrons on 
the TOF transient curves (Figure 5b, inserts). Twice higher electron mobility of 1.6×10−4 
cm2/(V×s) comparing to hole mobility of 8×10−5 cm2/(V×s) was observed at electric field 
of ca. 5.6×105 V/cm. Such trend of TOF hole and electron mobilities is in good agreement 
with a trend of hole and electron currents for hole-only and electron-only devices studied 
in the previous work.16 This observation can be explained by the introduction of the strong 
electron-withdrawing meta-positioned CF3 moieties to the molecules of pCNBCzoCF3.16 
Charge mobilities observed for pCNBCzoCF3 are comparable to the best known values 
reported for TADF materials.36  
 
Sky-blue non-doped OLEDs based on pCNBCzoCF3 emission 

Three OLEDs A–C were fabricated. The principal schemes of these devices are presented 
in Figure 6. 
EL spectrum of Device A is almost the same as the photoluminescence spectrum of the 
vacuum deposited film of pCNBCzoCF3 recorded at ambient conditions (Figure 7). This 
observation indicates the absence of exciplex-type emission from the interfaces TCTA/ 
pCNBCzoCF3 and pCNBCzoCF3/BCP. Device А is characterized by a relatively low turn 



 

 

on voltage of only 3.4 V. The maximum external quantum efficiency, power efficiency and 
current efficiency of 6.2%, 7.75 lm W−1 and 15.3 cd A−1 respectively, were observed for 
Device A. The maximal brightness reached 29300 cd m−2 at 15 V (Table 2). Such lighting 
parameters characterize the emissive properties of the pure pCNBCzoCF3 which can be 
regarded as promising electroluminescent material for sky-blue OLEDs (Table 2, Figure 
S1). 

 
Figure 6. The energy diagrams for the devices A–C. 
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Figure 7. Normalized electroluminescence spectrum of Device A vs. photoluminescence 

spectrum of the solid film of pCNBCzoCF3  recorded at room temperature. 

Orange device exhibiting m-MTDATA:pCNBCzoCF3 interface exciplex emission 

EL spectrum of Device B coincides with the PL spectrum of the molecular blend m-
MTDATA: pCNBCzoCF3. At the same time, both spectra are significantly red shifted 
with respect of PL spectrum of pCNBCzoCF3 and EL spectrum of Device A (Figure 8). 
This observation indicates the exciplex formation at the m-MTDATA/pCNBCzoCF3 
interface which was not observed at the interface TCTA/pCNBCzoCF3.  
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Figure 8. Normalized electroluminescence spectrum of Device B vs. photoluminescence spectra 
of the solid films of m-MTDATA, pCNBCzoCF3 and m-MTDATA:pCNBCzoCF3 recorded at 

room temperature. 



 

 

 
TADF emission of the layer of pCNBCzoCF3 remains visible as a structureless shoulder 
in the higher-energy region of 400-500 nm (Figure 8). The lighting characteristics of device 
B are a little better than those of Device A (Figure S2.). The chromaticity coordinates of 
Device B lay in the “warm-white” region in contract the sky-blue emission of Device A. 
Upon the exciplex formation in Device B m-MTDATA plays the role of electron donor 
while the bipolar compound pCNBCzoCF3 is an acceptor counterpart. The energy 
difference of the HOMOs of m-MTDATA and pCNBCzoCF3 is of 0.45 eV, while that for 
the LUMO levels is of 0.52 eV (Figure 6). Due to that mismatch in the HOMO and LUMO 
energy levels cross-coupling of holes and electrons occurs at the interface m-
MTDATA/pCNBCzoCF3 and as a result intense exciplex-type broad emission is observed 
in the region of 500–750 nm (Figure 8).  
PL lifetimes of τ1=105 ns (80 %) and τ2=458 ns (20 %) were obtained by fitting the PL 
decay curve the solid-state mixture  
m-MTDATA:pCNBCzoCF3 with the double exponential law (Figure 9). In addition, the 
linear dependence of PL intensity on the laser flux (with a slope of ca. 1) was recorded for 
the studied solid-state mixture similarly to that observed for a film of pCNBCzoCF3 
(Figure 9, insert). Therefore, the TADF nature of m-MTDATA:pCNBCzoCF3 exciplex 
emission can be expected as for the exciplexes published before36,37. 

1000 2000 3000 4000 5000
10

1

10
2

10
3

10
4

10
5

0,01 0,1 1
10

0

10
1

10
2

10
3

10
4

10
5

500 550 600 650

0.0

2.0x10
4

4.0x10
4

6.0x10
4

8.0x10
4

1.0x10
5

1.2x10
5

 P
L 

in
te

ns
ity

, a
.u

.

 1.8mW

 1.3mW

 0.73mW

 0.5mW

 0.3mW

 0.1mW

 0.05mW

 0.02mW

 0.01mW

Wavelength, nm

GG28:m-MTDATA

 m-MTDATA:pCNBCzmCF3 (slope=1.009)

  fitting 

P
L 

in
te

ns
ity

, a
.u

.

Laser radiant flux, mW

 pCNBCzoCF3:m-MTDATA

 IR

 Fitting

C
o

u
n

ts
 

Time, ns

o

 
Figure 9. Photoluminescence decay curve and the dependence of PL intensity on laser 

flux for the film of the mixture m-MTDATA: pCNBCzoCF3 (insert: PL spectra recorded 
at the different power excitation). 

 
“Warm-white” device based on both pCNBCzoCF3 TADF emission and on m-
MTDATA:pCNBCzoCF3 interface exciplex emission 

Combining devices A and B within one OLED we fabricated highly-efficient device C with 
warm-white emission colour. EL spectrum of Device C represents the superposition of EL 
spectra of Devices A and B. The additional pCNBCzoCF3 layer (adjacent to that of TCTA) 
provides the enhancement of the short-wavelength emission which originates from the 
TADF emission of pCNBCzoCF3. As a result, EL spectrum of Device C covers the region 
from 450 to 750 nm (Figure 10). 
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Figure 10. Normalized EL spectra of devices A–C (a) and their CIE1976 chromaticity 
coordinates with the corresponding values of colour temperature (b). 

Table 2. Lightning characteristics of devices A–C. 
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The lighting characterristics of devices A–C are presented in the Table 2. Device C 
demonstrates outstanding lighting characteristics comparing with those of Devices A and 
B. These characteristics were achieved by the rational combination of green-blue TADF 
emission of pCNBCzoCF3 layer with the orange exiplex emission of the m-MTDATA/ 
pCNBCzoCF3 interface within the single OLED (Figure S3). The special feature of Device 
C (as well as of Device B) is the absence of a high-energy emission component in its EL 



 

 

spectrum. Therefore, the EL of the fabricated devices B and C is harmless for the human 
eye. Particularly, the colour temperatures of Devices B and C were estimated as 3200 and 
3800 K, respectively, that are close to the common standards (2700–3500 K) for the warm-
white compact fluorescent and LED lamps38. In addition, the devices B and C exhibiting 
warm white electroluminescence were characterized by 60 of colour rendering index (CRI) 
which is satisfied value of white light sources for lighting applications. We should also note 
that the efficiencies of Devices B and C are comparable (Figure S4) (or even higher) to 
those of iridium-based warm-white phosphorescent OLEDs3. 

Conclusions 

In the present work we studied 4,4'-(9H,9'H-[3,3'-bicarbazole]-9,9'-diyl)bis(3-
(trifluoromethyl)benzonitrile) (pCNBCzoCF3) which demonstrates clear TADF depending 
on temperature. The material is characterized by the singlet-triplet energy splitting of only 
0.011 eV as estimated both by experimental measurements and TDDFT calculations. We 
used pCNBCzoCF3 as a green-blue emitter and also as an exciplex-forming material for 
OLED fabrication. The simplest green-blue device based on pure electroluminescence of 
pCNBCzoCF3 was shown to exhibit good lighting characteristics with the maximal external 
quantum efficiency of 6.2%. In order to improve efficiency of the device and to extend its 
EL spectrum over the whole visible range, we combined green-blue TADF-type 
electroluminescence of pCNBCzoCF3 with exciplex-type emission from the m-
MTDATA/pCNBCzoCF3 interface. The device obtained was characterized by the warm-
white emission and by outstanding lighting characteristics: brightness of 40900 Cd/m2 (at 
15 V), current efficiency of 53.8 Cd/A and power efficiency of 19.3 lm/W, external 
quantum efficiency of 18.8 %.  

Results and discussion 

Spectroscopic characterization of pCNBCzoCF3 

The experimental absorption spectrum of the solution of pCNBCzoCF3 in THF recorded 
at ambient conditions is presented in Figure 2 (orange line). For the comparison, the 
theoretical spectrum simulated by the TD DFT method accounting for the PCM model is 
shown in Figure 2 (blue line). The first singlet electronic transition in the spectrum of 
pCNBCzoCF3 is reflected at 447.6 nm (Table 1) but appears only weakly in the 
experimental and theoretically simulated spectra. Accounting the fact that pCNBCzoCF3 
is a σ-bond coupleddimer of 4-(9H-carbazol-9-yl)-3-(trifluoromethyl)benzonitrile the first 
singlet and triplet excited states are almost doubly degenerated. Due to the absence of strict 
symmetry constraints the S1 and S2 states are split by 0.2 nm in our calculations and the T1 
and T2 states are split by 0.3 nm (Table 1). As it can be seen from Figure 3 both S1 and S2 
states of pCNBCzoCF3 are of charge transfer (CT) type and these transitions correspond 
to electron density moving from 3-(trifluoromethyl)benzonitrile moieties to carbazole 
units. It is a general rule that CT transitions are characterized by a very weak intensity and 
also are sensitive to the influence of a solvent.33 Indeed, the energy of S1 and S2 states 
increase significantly in THF environment (2.77 eV) comparing with the vacuum 
approximation (2.64 eV). 
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Figure 2. Absorption and emission spectra of pCNBCzoCF3. 

 

Figure 3. MOs levels diagram for pCNBCzoCF3 (italic numbers are the MOs energies in 
eV). 

Due to weak intensity of the S0→S1 transition the photoluminescence quantum yield of 
pCNBCzoCF3 was measured as 19.3 and 20 % for the THF solution and solid film state, 
respectively, indicating the dominant role of non-radiative quenching processes in the 
deactivation of the first excited singlet state.  
The long-wavelength shoulder in the absorption spectrum of pCNBCzoCF3 solution (310-
370 nm) can be assigned to the manifold of weak singlet-singlet electronic transitions  
S0→S3–14. Among them the electronic transitions into S5 and S12 states are the most intense 
(Table 1). The high-intensity absorption band at ca. 290 nm corresponds to two electronic 
transitions S0→S15 and S0→S20 from the frontier occupied MOs into the high-lying 
unoccupied orbitals.  
 
Table 1. Assignment of absorption spectrum of pCNBCzoCF3 together with estimations of S1 and 
T1 energies. 

Sta

te nm nm 

Eexp./Et

heor., 

eV 

f Assignment 

T1 449.4  - 

2.64a/2

.586c/2

.757e 

0 

HOMO → 

LUMO 

(78%) 

,λ .abs

.theor
,λ .abs

.exp



 

 

/2.447f 

T2 449.1 - - 0 

HOMO → 

LUMO+1 

(78%) 

S1 447.6 - 

2.83b/2

.597d/2

.768e 

/2.455f 

0.00

24 

HOMO → 

LUMO 

(91%) 

S2 447.4 - - 
0.00

11 

HOMO → 

LUMO+1 

(91%) 

S5 349 342 - 
0.02

0 

HOMO → 

LUMO+2 

(91%) 

S12 318 330 - 
0.06

7 

HOMO → 

LUMO+5 

(88%) 

S15 289 289 - 
0.52

5 

HOMO → 

LUMO+6 

(79%) 

S20 281  - 
1.10

3 

HOMO-1 → 

LUMO+4 

(67%) 

a) Estimated from the phosphorescence spectrum (at 77 K) in Ref 16.  

b) Estimated from fluorescence spectrum (at 77 K) in Ref 16. 

c) Estimated from the phosphorescence spectrum of solid film (at 77 K) in this work. 

d) Estimated from the photoluminescence spectrum of solid film (at 77 K) in this work. 

e) Calculated by the TDDFT B3LYP/6-31G(d) method with PCM model (THF) 

f) Calculated by TDDFT B3LYP/6-31G(d) method with PCM model (THF) in adiabatic 

approximation. 
 
The most intriguing property of pCNBCzoCF3 is extremely small ΔEST. As one can see 
from Figure 2 both PL and phosphorescence spectra of the solid film of pCNBCzoCF3 are 
characterized by almost the same peak positions. The PL maximum appears at 477.0 nm 
(red curve) while the highest energy vibronic sub-band in the phosphorescence spectrum 
(left-hand shoulder at the green curve) appears at 479.0 nm. These values correspond to 
ΔEST value of only 0.011 eV, which is favourable for efficient TADF emission. Such a 
small ΔEST value is in complete agreement with our vertical TD DFT calculations (2.768 
eV for S1 and 2.757 eV for T1) proving the equivalent ΔEST value (0.011 eV). We have 
additionally performed the computations for the ΔEST value in adiabatic approximation by 
the direct optimization of S1 and T1 excited states within TDDFT/B3LYP/6-31G(d) 
method. The calculated adiabatic difference between S1 (2.455 eV) and T1 (2.447 eV) states 
was found to be only 0.008 eV in a complete agreement with “vertical” approximation and 
experimental value. Moreover, the calculated 0-0 energies for S1 and T1 states are even in 
better agreement with the experimental values than “vertical“ energies (Table 1).  
Here we should note that our ΔEST value is in some inconsistency with the data of Ref.16 
where ΔEST for pCNBCzoCF3 was estimated to be of 0.19 eV. Such mismatch in the 
singlet-triplet energy splitting values (0.19 eV in Ref. vs. 0.02 eV) originates from the 
different PL spectra of the solid film of pCNBCzoCF3 recorded at 77 K. The PL spectrum 



 

 

presented in Ref.16 consists of double emission peaks at 449 and 468 nm in contrast to our 
data (478 nm). At the same time, the phosphorescence spectra recordered by us and by the 
authors of Ref.16 are closely similar (double-peak curve profile with 474 and 489 nm 
maxima in Ref.16 vs. 474 and 491 nm in this work). In any case, we believe that the ΔEST 
value of 0.19 eV reported in Ref.16 is overestimated since such a high singlet-triplet splitting 
can not necessitate the pronounced TADF behaviour of pCNBCzoCF3. 
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Figure 4. Photoluminescence decay curves of vacuum deposited layer of pCNBCzoCF3 in 

nanosecond time ranges; (insert) the dependence of PL intensity of the  layer of pCNBCzoCF3  
on laser flux (insert: PL spectra recorded at the different excitation power). 

 
The TADF nature of pCNBCzoCF3 emission was confirmed by PL decay measurements 
for the neat film of pCNBCzoCF3 (Figure 4). The double exponential law for the PL decay 
curve of the solid sample of pCNBCzoCF3 was required for fitting (χ2=1.157) of the decay 
curve according to the formula A+B1exp(-t/τ1)+B2exp(-t/τ2). The corresponding PL 
lifetimes τ1=17.36 ns (83 %) and τ2=503 ns (17 %) were obtained. The second component 
(τ2) is much shorter than that of 8.12 μs earlier recorded for the solution pCNBCzoCF3 in 
toluene.16 The longer-lived component of the decay can be determined by two effects; one 
being due to the triplet-triplet annihilation34, the other being due to the TADF effect35. 
However, with a linear dependence of PL intensity on laser flux with slope of ca. 1 for the 
solid layer of pCNBCzoCF3 (Figure 4), this longer-lived component must be attributed to 
the reverse intersystem crossing process (RISC), proving the TADF nature of PL emission 
of pCNBCzoCF3. Additionally, temperature dependences of PL spectra and PL decays 
were recorded for pCNBCzoCF3 film (Figure S5). The most intensive PL, consting of both 
fluorescence and phosphorescence, was observed at 80 K. PL intensity decreased with 
increasing temperature up to 180K due to phosphorescence quenching. At temperatures 
higher than 180K, PL intensity started increase. This increase of PL intensity was caused 
by TADF  
 
Solid-state ionization potential and charge-transporting properties of the layers of 
pCNBCzoCF3 

Solid-state ionization potential (IP) of 5.84 eV was recorded for the solid layer of 
pCNBCzoCF3 by electron photoemission method (Figure 5a). This IP value observed for 
the vacuum deposited layer of pCNBCzoCF3 was found to be higher than that obtained 
from the electrochemical measurements (HOMO(CV) of −5.41 eV)16. Such disagreement 
in the IP values is apparently due to intermolecular interactions of pCNBCzoCF3 molecules 
that can take place in the solid layers. Having the solid-state IP energy levels of 5.84 eV 
and the solid-state optical band-gap energy (Eg) of ca. 2.92 eV16, electron affinity (EA) was 
calculated as EA = IP – Eg = 2.92 eV. Therefore, the HOMO and LUMO values of -5.84 and 
-2.92 eV were used to design OLEDs as they are related to IP and EA, respectively. 
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Figure 5. (a) Electron photoemission spectrum of the vacuum deposited layer of pCNBCzoCF3 
(b) electric field dependencies of hole and electron mobilities and the hole and electron TOF 

transient curves for pCNBCzoCF3 in log-log scales (inserts). 

Charge-transporting properties of pCNBCzoCF3 were studied by time-of-flight (TOF) 
method taking into account that charge mobility values were not obtained for 
pCNBCzoCF3 in the previus article.16. Figure 5b shows electric field dependencies of hole 
and electron mobilities of the vacuum deposited layer of pCNBCzoCF3 Bipolar nature of 
charge transport in was proved by observing transit times for both holes and electrons on 
the TOF transient curves (Figure 5b, inserts). Twice higher electron mobility of 1.6×10−4 
cm2/(V×s) comparing to hole mobility of 8×10−5 cm2/(V×s) was observed at electric field 
of ca. 5.6×105 V/cm. Such trend of TOF hole and electron mobilities is in good agreement 
with a trend of hole and electron currents for hole-only and electron-only devices studied 
in the previous work.16 This observation can be explained by the introduction of the strong 
electron-withdrawing meta-positioned CF3 moieties to the molecules of pCNBCzoCF3.16 
Charge mobilities observed for pCNBCzoCF3 are comparable to the best known values 
reported for TADF materials.36  
 
Sky-blue non-doped OLEDs based on pCNBCzoCF3 emission 

Three OLEDs A–C were fabricated. The principal schemes of these devices are presented 
in Figure 6. 
EL spectrum of Device A is almost the same as the photoluminescence spectrum of the 
vacuum deposited film of pCNBCzoCF3 recorded at ambient conditions (Figure 7). This 
observation indicates the absence of exciplex-type emission from the interfaces TCTA/ 
pCNBCzoCF3 and pCNBCzoCF3/BCP. Device А is characterized by a relatively low turn 
on voltage of only 3.4 V. The maximum external quantum efficiency, power efficiency and 
current efficiency of 6.2%, 7.75 lm W−1 and 15.3 cd A−1 respectively, were observed for 
Device A. The maximal brightness reached 29300 cd m−2 at 15 V (Table 2). Such lighting 
parameters characterize the emissive properties of the pure pCNBCzoCF3 which can be 



 

 

regarded as promising electroluminescent material for sky-blue OLEDs (Table 2, Figure 
S1). 

 
Figure 6. The energy diagrams for the devices A–C. 
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Figure 7. Normalized electroluminescence spectrum of Device A vs. photoluminescence 

spectrum of the solid film of pCNBCzoCF3  recorded at room temperature. 

Orange device exhibiting m-MTDATA:pCNBCzoCF3 interface exciplex emission 

EL spectrum of Device B coincides with the PL spectrum of the molecular blend m-
MTDATA: pCNBCzoCF3. At the same time, both spectra are significantly red shifted 
with respect of PL spectrum of pCNBCzoCF3 and EL spectrum of Device A (Figure 8). 
This observation indicates the exciplex formation at the m-MTDATA/pCNBCzoCF3 
interface which was not observed at the interface TCTA/pCNBCzoCF3.  
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Figure 8. Normalized electroluminescence spectrum of Device B vs. photoluminescence spectra 
of the solid films of m-MTDATA, pCNBCzoCF3 and m-MTDATA:pCNBCzoCF3 recorded at 

room temperature. 

 
TADF emission of the layer of pCNBCzoCF3 remains visible as a structureless shoulder 
in the higher-energy region of 400-500 nm (Figure 8). The lighting characteristics of device 



 

 

B are a little better than those of Device A (Figure S2.). The chromaticity coordinates of 
Device B lay in the “warm-white” region in contract the sky-blue emission of Device A. 
Upon the exciplex formation in Device B m-MTDATA plays the role of electron donor 
while the bipolar compound pCNBCzoCF3 is an acceptor counterpart. The energy 
difference of the HOMOs of m-MTDATA and pCNBCzoCF3 is of 0.45 eV, while that for 
the LUMO levels is of 0.52 eV (Figure 6). Due to that mismatch in the HOMO and LUMO 
energy levels cross-coupling of holes and electrons occurs at the interface m-
MTDATA/pCNBCzoCF3 and as a result intense exciplex-type broad emission is observed 
in the region of 500–750 nm (Figure 8).  
PL lifetimes of τ1=105 ns (80 %) and τ2=458 ns (20 %) were obtained by fitting the PL 
decay curve the solid-state mixture  
m-MTDATA:pCNBCzoCF3 with the double exponential law (Figure 9). In addition, the 
linear dependence of PL intensity on the laser flux (with a slope of ca. 1) was recorded for 
the studied solid-state mixture similarly to that observed for a film of pCNBCzoCF3 
(Figure 9, insert). Therefore, the TADF nature of m-MTDATA:pCNBCzoCF3 exciplex 
emission can be expected as for the exciplexes published before36,37. 
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Figure 9. Photoluminescence decay curve and the dependence of PL intensity on laser 

flux for the film of the mixture m-MTDATA: pCNBCzoCF3 (insert: PL spectra recorded 
at the different power excitation). 

 
“Warm-white” device based on both pCNBCzoCF3 TADF emission and on m-
MTDATA:pCNBCzoCF3 interface exciplex emission 

Combining devices A and B within one OLED we fabricated highly-efficient device C with 
warm-white emission colour. EL spectrum of Device C represents the superposition of EL 
spectra of Devices A and B. The additional pCNBCzoCF3 layer (adjacent to that of TCTA) 
provides the enhancement of the short-wavelength emission which originates from the 
TADF emission of pCNBCzoCF3. As a result, EL spectrum of Device C covers the region 
from 450 to 750 nm (Figure 10). 
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Figure 10. Normalized EL spectra of devices A–C (a) and their CIE1976 chromaticity 
coordinates with the corresponding values of colour temperature (b). 

Table 2. Lightning characteristics of devices A–C. 
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The lighting characterristics of devices A–C are presented in the Table 2. Device C 
demonstrates outstanding lighting characteristics comparing with those of Devices A and 
B. These characteristics were achieved by the rational combination of green-blue TADF 
emission of pCNBCzoCF3 layer with the orange exiplex emission of the m-MTDATA/ 
pCNBCzoCF3 interface within the single OLED (Figure S3). The special feature of Device 
C (as well as of Device B) is the absence of a high-energy emission component in its EL 
spectrum. Therefore, the EL of the fabricated devices B and C is harmless for the human 
eye. Particularly, the colour temperatures of Devices B and C were estimated as 3200 and 
3800 K, respectively, that are close to the common standards (2700–3500 K) for the warm-
white compact fluorescent and LED lamps38. In addition, the devices B and C exhibiting 
warm white electroluminescence were characterized by 60 of colour rendering index (CRI) 
which is satisfied value of white light sources for lighting applications. We should also note 
that the efficiencies of Devices B and C are comparable (Figure S4) (or even higher) to 
those of iridium-based warm-white phosphorescent OLEDs3. 

Conclusions 



 

 

In the present work we studied 4,4'-(9H,9'H-[3,3'-bicarbazole]-9,9'-diyl)bis(3-
(trifluoromethyl)benzonitrile) (pCNBCzoCF3) which demonstrates clear TADF depending 
on temperature. The material is characterized by the singlet-triplet energy splitting of only 
0.011 eV as estimated both by experimental measurements and TDDFT calculations. We 
used pCNBCzoCF3 as a green-blue emitter and also as an exciplex-forming material for 
OLED fabrication. The simplest green-blue device based on pure electroluminescence of 
pCNBCzoCF3 was shown to exhibit good lighting characteristics with the maximal external 
quantum efficiency of 6.2%. In order to improve efficiency of the device and to extend its 
EL spectrum over the whole visible range, we combined green-blue TADF-type 
electroluminescence of pCNBCzoCF3 with exciplex-type emission from the m-
MTDATA/pCNBCzoCF3 interface. The device obtained was characterized by the warm-
white emission and by outstanding lighting characteristics: brightness of 40900 Cd/m2 (at 
15 V), current efficiency of 53.8 Cd/A and power efficiency of 19.3 lm/W, external 
quantum efficiency of 18.8 %.  
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