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Insight into the energy transfer pathways between the exciplex host and NIR 
fluorescence chromophores.
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Insights into Energy Transfer Pathways between Exciplex Host and 
Fluorescent Guest: Attaining Highly Efficient 710 nm 
Electroluminescence. 
Chun-Ying Huang,1,‡ Ssu-Yu Ho,1,‡ Chien-Hsun Lai,2 Chang-Lun Ko,2 Yu-Chen Wei,1 Jia-An Lin,1 Deng-
Gao Chen,1 Tzu-Yu Ko,1 Ken-Tsung Wong,1 Zhiyun Zhang,3,* Wen-Yi Hung,2,4,*and Pi-Tai Chou1,*

Energy transfer between exciplex host and fluorescent guest becomes one of the demanding processes to attain high 
performance of the organic light emitting diodes (OLEDs), especially in the near infrared (NIR) region. However, the insight 
into the dynamics of energy transfer remains elusive. In this study, new deep red/NIR chromophores NOz-TPA and NOz-t-
TPA where NOz and TPA denote naphthobisoxadiazole and triphenylamine, respectively, are developed with an electron 
donor-acceptor-donor (D-A-D) configuration. The optimized 1 wt% doped films for NOz-TPA and NOz-t-TPA blended with 
Tris-PCz:CN-T2T (1:1 in molar ratio) exciplex host show similar deep red/NIR emission with photoluminescence quantum 
yields (PLQY) of 42 (680 nm) and 28%, (709 nm), respectively. Comprehensive time resolved measurements and dynamics 
analyses reveal significant differences in energy transfer pathways, i.e. Förster versus Dexter type energy transfer, between 
exciplex host and the fluorescent guest, in which the introduction of bulky tert-butyl groups in the NOz-t-TPA doped film 
greatly suppresses Dexter type energy transfer pathway. Despite lower PLQY, the analytical simulation predicts NOz-t-TPA 
to be a better candidate to realize a highly efficient electroluminescence. The confirmation is then given by the performance 
of NOz-t-TPA doped OLED, showing an external quantum efficiency (EQE) of 6.6% with peak wavelength at 710 nm, which 
is among the best records for the metal-free NIR OLEDs around 710 nm. The insight of energy transfer pathways thus plays 
a pivotal role to achieve the high performance OLEDs that incorporate exciplex host and fluorescent guest.

Introduction
Since the first demonstration by Tang and VanSlyke in 1987, 
organic light-emitting diodes (OLEDs) have attracted worldwide 
attention.1 With decades of effort, researches and 
developments of OLEDs have gained significant improvement in 
the field of display panels and light sources.2-4 Recently, it 
becomes recognized that energy transfer between exciplex host 
and regular fluorescent guest provides a facile means to 
promote OLED performance.5-7 In this approach, the thermally 
activated delay fluorescence (TADF) exciplex material serves as 
a host to harvest both the singlet and triplet population, 
followed by Főrster type energy transfer (FRET) to the 
fluorescent guest. As such, the upper-limit on external quantum 
efficiency (EQE) of conventionally fluorescent device can be 
overcome. This strategy provides three manifolds in benefit. 

First, the pure metal-free fluorescent devices have the 
advantage of lower cost compared to that of the heavy-metal 
based devices. Second, the small concentration used for the 
fluorescent dopants may minimize the serious decrease in EQE 
under high current density, i.e. a roll off process, while this 
phenomenon is commonly observed among phosphorescence 
devices due to triplet-triplet and/or triplet-polaron 
annihilation.8 Third, the fine tuning of spectral range of device 
can be easily accessed by varying the suitable combination of 
exciplex host and fluorescence dopants. In this aspect, the use 
of exciplex for the energy transfer materials also features its 
facility for synthesis and versatility in wide tuning the emission 
region compared with those of intramolecular TADF 
molecules.The promotion of OLEDs’ performance at different 
spectrum window can thus be achieved with straightforward 
design.6 Nevertheless, it should be addressed that Dexter type 
energy transfer (DET), which transfers the energy from the 
triplet state of host TADF material to the triplet state of 
fluorescent guest, should be avoided as much as possible.9 In 
this aspect, it is surprising that the detailed discussion on energy 
transfer remains elusive. 

In yet another approach, near-infrared (NIR) OLEDs show 
great perspective in optical communication,10 phototherapy,11 
night-vision technologies,12 and sensors.13-15 Many research 
teams have pursued boosting the performance of deep-red/NIR 
OLEDs,16-25 of which the efficiency is generally low as the deep-
red/NIR emission intensities are limited by the energy gap 
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law.26-27 The heavy-metal based devices such as Pt-based 
porphyrin complexes generally showed remarkable EQE within 
NIR region,28 but serious roll-off (vide supra). On the other hand, 
a number of organic molecules possessing thermally activated 
delay fluorescence (TADF) in the red and NIR region were 
reported to have highly efficient NIR OLEDs.17-18, 29-31 However, 
the design and synthesis of NIR emitters having TADF properties 
is nontrivial and a great challenge, which may hamper their 
further advance. The quest of highly efficient NIR OLEDs with 
straightforward design is thus in urgency. In this regard, the 
aforementioned energy-transfer strategy from exciplex host to 
NIR fluorescent dopants provides an alternative opportunity. In 
this approach, design of deep red/NIR organic dyes may be 
accessed via extending planar -conjugation, so that the 
delocalization of -electron can narrow the energy gap, while 
the rigid planar structures can suppress the rotational disorder 
and hence decrease the non-radiative relaxation process.32 
Combined with exciplex material possessing green-yellow 
emission, the NIR emission can be reached by a variety of 
organic fluorescence materials endowed with electron donor-
acceptor-donor (D-A-D) architectures through FRET.17, 33-36

Herein, we present two new deep red/NIR chromophores 
NOz-TPA and NOz-t-TPA (Scheme 1) where NOz and TPA 
denote naphthobisoxadiazole and triphenylamine, respectively, 
configured with an electron donor-acceptor-donor (D-A-D) 
structure. NOz belongs to the category of 
naphthobischalcogenadiazole (NXz). NXz is a tetracyclic 
heteroaromatic ring and has been utilized in the field of solar 
cell as the acceptor unit in semiconducting polymer,37-40 
affording low lying lowest unoccupied molecular orbital (LUMO) 
and rigid planar structure. In 2014, Michiaki et al. synthesized 
naphthobisthiadiazole (NTz)-based highly emissive red dyes.41 
Comparing NTz, naphthobisoxadiazole (NOz), in which the 
sulfur atom of NTz is substituted by oxygen, is expected to reach 
even lower LUMO than that of NTz due to the stronger 
withdrawing-ability of oxygen, narrowing the energy gap to the 

NIR region.37 None of the D-A-D emitters based on NOz as the 
acceptor, so far, have been developed.

In this study we not only strived to attain high performance 
NIR OLEDs based on the energy transfer methodology between 
exciplex host and NOz-TPA (or NOz-t-TPA) fluorescent guest; 
more importantly, we made comprehensive time resolved 
measurements and dynamics analyses in an aim to gain insights 
into the energy transfer pathways. Despite the structure 
similarity between NOz-TPA and NOz-t-TPA they surprisingly 
reveal significant difference in energy transfer pathways, i.e. 
Förster versus Dexter type energy transfer. Albeit lower 
photoluminescence quantum yield (PLQY) for NOz-t-TPA doped 
in a host matrix, analytical simulation based on relaxation 
dynamics predicts its better electroluminescence yield due to 
the much suppressed DET. Affirmation is then given by the high 
performance of NOz-t-TPA doped OLED, showing an external 
quantum efficiency (EQE) of 6.6% with peak wavelength at 710 
nm. The agreement between analytical approach and the 
performance of fabricated OLEDs sheds light on the mechanism 
to ascertain high performance NIR OLEDs via energy transfer. 
Detail of results and discussion is elaborated below.

Results and Discussion 

Synthesis and characterization 

The synthetic pathways for NOz-TPA and NOz-t-TPA are 
depicted in Scheme 1. In brief, 5,10-dibromonaphtho[1,2-c:5,6- 
c]bis([1,2,5]oxadiazole (DiBr-NOz) was synthesized following 
the procedure described in the literature,37 which was then 
used to prepare the designated compound NOz-TPA via Suzuki 
coupling and Buchwald-Hartwig reaction. Compound 3, which is 
one of the starting materials of NOz-t-TPA, was synthesized 
from the commercially available reagent bis(4-tert- 
butylphenyl)amine (1). 1 was then reacted with 1,4-
dibromobenzene to yield 2 through Buchwald-Hartwig reaction. 

Scheme 1 Synthetic pathways for (a) NOz-TPA and (b) NOz-t-TPA.
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Borylation of 2 with bis(pinacolato)diboron gave 3 which was 
used to prepare the designated compound NOz-t-TPA via 
Suzuki coupling by reacting with DiBr-NOz that has been 
elaborated in previous steps (vide supra). Details of synthetic 
routes are provided in Electronic Supplementary Information 
(ESI).

All synthesized compounds were characterized by 1H and 13C 
NMR spectroscopy. The corresponding crystal and packing 
structures obtained from X-ray structural analysis are shown in 
Figure 1. The packing mode of NOz-TPA exhibits relatively close 
intermolecular distance, which are around 3.4Å measured from 
the centroid of acceptor to the plane made by the neighboring 
acceptor. This relatively close intermolecular distance may lead 
to slight intermolecular interaction and result in spectral shift 
from solution to the solid phase (vide infra). Attempts to grow 
single crystal of NOz-t-TPA unfortunately were not successful, 
due perhaps to the involvement of bulky donor moiety. 
Nevertheless, it may be safely to expect that NOz-t-TPA has 
similar but less ordered architecture than that of NOz-TPA 
because of bulky t-TPA group. Thermogravimetric analysis 
(TGA) was recorded on a TA Q500 under nitrogen atmosphere 
at a heating rate of 5 °C/min. The temperature of 5% weight loss 
(Td) was at 362 °C for both NOz-TPA and NOz-t-TPA. The high 
thermal decomposition temperatures reveal their good thermal 
stability.

Photophysical properties

The UV/Vis absorption and emission spectra of title compounds 
in various solvents are recorded in Figure 2(a), and Table 1 
(detailed data are listed in Table S1). The lowest lying 
absorption band of NOz-TPA and NOz-t-TPA with absorption 
peak at 548 and 570 nm, respectively, are ascribed to the 
 transition mixed with donor-to-acceptor charge transfer 
(CT) character. This statement is supportive by their high 

extinction coefficients () of > 104 M-1cm-1 at peak wavelength 
and the computational approach based on the time-dependent 
density functional theory (TD-DFT, cam-B3LYP hybrid function, 
see ESI for computational details).42 As shown in Table S2, the 
highest occupied molecular orbital (HOMO) and LUMO for title 
compounds are all mainly located on the donors (TPA, t-TPA) 
and acceptor (NOz), respectively, manifesting an intramolecular 
charge transfer (ICT) from donors (t-TPA, TPA) to acceptor 
(NOz). In addition to the ICT event, the central acceptor shows 
part of transition character with obvious overlap between 

HOMO and LUMO on the six-membered aromatic rings. 

Table 1. Photophysical properties of NOz-TPA and NOz-t-TPA

compound
max abs (nm)a max

em (nm)b  (%)  (ns) kr (107s-1)c

TOL neat film TOL neat film TOL neat film TOL neat film TOL neat film

NOz-TPA 548 570 653 730 40 22 4.54
0.43(30%)
3.44(70%)

8.81 8.67

NOz-t-TPA 570 586 675 750 35 6.8 4.59
0.16(71%)
0.82(29%)

7.62 19.3

Notes that TOL represents toluene. aThe wavelength was recorded from the maximum value of the first band. bThe wavelength was recorded from the maximum 
value of the emission spectra. cRadiative decay rate constant (kr) was calculated according to the equation kr=Φ/τ.

Figure 1. Packing structure of NOz-TPA in its single crystal. The thermal ellipsoid is shown 
at the 30% probability level with hydrogen atoms omitted for clarity.

Figure 2. (a) Absorption spectra (lines with circles) and emission spectra of NOz-TPA and 
NOz-t-TPA in various solvent. Note that CHX, TOL, DCM denote cyclohexane, toluene, 
and dichloromethane, respectively. (b) Normalized absorption and emission spectra of 
NOz-TPA and NOz-t-TPA in neat film.
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Therefore, the introduction of such acceptors provides strong 
electron-withdrawing character and thus the elongation of the 
-electron delocalization, enhancing optical transition 
probability. In terms of NOz-t-TPA, replacement of TPA with t-
TPA further enhances the electron-donating strength compared 
to NOz-TPA, leading to the lift of HOMO energy and hence the 
decrease of the absorption energy gap. The emission spectra of 
title compounds are red shifted as increasing the polarity of 
solvents, showing positive solvatochromism. For example, in 
dichloromethane (DCM), the emission peak wavelength of both 
title compounds shifts to NIR region, with the emission peak 
wavelength of NOz-t-TPA (800 nm) > NOz-TPA (746 nm). 
Remarkably, QY of both NOz-TPA and NOz-t-TPA were 
measured to be 40% and 35%, respectively, for 653 nm and 675 
nm emission in toluene.

In the solid neat film, shown in Figure 2(b), both absorption 
and emission bands of NOz-TPA and NOz-t-TPA are red shifted 
compared with those observed in toluene. Due to the lack of 
fast environment relaxation in solid, such a red shift manifests 
the influence of static intermolecular interaction, in part, in 
solid state. Importantly, the emission bands for NOz-TPA and 
NOz-t-TPA in solid neat film have reached the NIR range with 
peak wavelength at 730 and 750 nm, and retaining good QY of 
22% and 6.8%, respectively. We then measured the population 

lifetime of title compounds in the selected solvents and neat 
films (Figure S1-2) with pertinent data listed in Table 1 and Table 
S1. In all cases, the population lifetime of title compounds can 
be fitted well with exponential decay in the nanosecond range, 
implying their fluorescence nature. These, together with the 
measured data of QY, lead us to deduce the corresponding 
radiative rates (kr), which all exhibit a fast radiative rate around 
~108 s-1 (Table 1), clearly suggesting an efficient optical 
transition between lowest singlet excited state (S1) and ground 
state (S0).

In light of the high transition moment and excellent 
fluorescence yield in NIR for title compounds, we have 
investigated their PL performance under host-guest system. In 
this aspect, exciplex is chosen as the cohost in an aim to realize 
their high efficiency OLEDs via energy transfer.43 Exciplex is 
formed with charge-transfer characters between electron-
donating and electron-accepting molecules, which shows 
intrinsically small EST due to the suppression of electron 
correlation energy and allows the triplet excitons up-converting 
to their singlet state by reverse intersystem crossing (RISC) 
process. Hence, the singlet excitons of exciplex cohost can 
transfer directly to singlet state of the fluorescent dopants via 
FRET pathway.5 Additionally, to suppress the possibility of 
undesired Dexter process that depletes the triplet state, the 

Figure 3. (a) Chemical structures of Tris-PCz and CN-T2T. (b) Overlap of photoluminescence (PL) spectrum (gray area) of the exciplex Tris-PCz:CN-T2T (1:1) and absorption 
spectrum (line with dots) of the dopants NOz-TPA and NOz-t-TPA in dichloromethane. (c,d) Absorption (line with dots, left side) and emission spectra (right side) of Tris-PCz:CN-
T2T:(c) NOz-TPA and (d) NOz-t-TPA in various doping concentration. λex = 310 nm for (c,d).
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concentration of dopants needs in a suitably low level to keep 
an effective long-range singlet-singlet energy transfer in the 
system.

Here, we selected the highly efficient delayed fluorescent 
exciplex of 9,9′,9″-triphenyl-9H,9′H,9″H-3,3′:6′,3″-tercarbazole 
(Tris-PCz)44: 3′,3′′′,3′′′′′-(1,3,5-triazine-2,4,6-triyl)tris(([1,1′-
biphenyl]-3-carbonitrile)) (CN-T2T)45 by 1:1 weight ratio as 
cohost (Figure 3(a)). The Tris-PCz:CN-T2T (1:1) exciplex emission 
shows a high PL of 0.53 and a small EST = 0.59 kcal/mole, 
which leads to a highly efficient green exciplex OLED with EQE 
of 11.9%.6 To realize an effective FRET, spectrum overlap 
between the emission of the host (energy donor) and the 
absorption of the dopant (energy acceptor) is required.46 Figure 
3(b) displays the region of overlap between the absorption 
spectra of dopants and the PL spectrum of Tris-PCz:CN-T2T, 
which allows efficient energy transfer from the exciplex to the 
dopants. Figure 3(c) shows the absorption and emission spectra 
of the doped films in various doping concentration represented 
by percentage in weight (wt%) versus the host. For the doping 
concentration of 1 wt%, the first absorption band (locating 
around 550 ~ 600 nm) as well as the highly energetic absorption 
band (300~400 nm) of dopants (NOz-TPA and NOz-t-TPA) 
couldn’t be measured (absorbance  0.005). Therefore, the 
corresponding emission spectra shown in Figure 3(c,d) excited 
at 310 nm unambiguously result from the energy transfer from 
the exciplex host. Comparing that of the NOz-TPA 1 wt% doped 
film (Figure 3c), the NOz-t-TPA 1 wt% doped film has obvious 
residue emission from exciplex at ~500 nm (Figure 3d), 
suggesting its less efficiency in energy transfer. This observation 
can be rationalized, in a qualitative manner, by the less 
spectrum overlap between PL spectrum of exciplex and 
absorption spectrum of NOz-t-TPA (Figure 3(b)). The 
photophysical properties of doped films are collected in Table 
2. PLQY of 1 wt% doped films (Tris-PCz:CN-T2T:dopant (1 wt%)) 
were measured to be 42 and 28% for NOz-TPA (680 nm 
emission) and NOz-t-TPA (709 nm emission), respectively. 

To acquire the preliminary information of parameters that 
corresponds to the energy transfer inside the doping system, 
we conducted the lifetime measurements with time correlated 
single photon counting (TCSPC) system incorporating a 
0.82MHz femtosecond laser (180 fs pulse duration) and 
multichannel plate as pump pulse and detecting system, 
respectively, so that a temporal resolution of as short as 20 ps 

can be obtained. The population decay of the emission of NOz-
t-TPA and NOz-TPA 1 wt% doped film (Figure 4(a), Table 2), of 
which the corresponding decay curves can be well fitted by two 
single exponential components, which are 9.30 and 252 ns for 
NOz-t-TPA (monitored at 690 nm), 10.8 and 131 ns for NOz-TPA 
(monitored at 670 nm), respectively, denoted as prompt and 
delayed fluorescence decay. These results suggest the TADF 
characters for both emissions from NOz-TPA and NOz-t-TPA 

Table 2. Photophysical properties of Tris-PCz:CN-T2T:dopant (x wt%) blend film.

Dopant x wt%a λpeak (nm)b QY (%) obs/ns (pre-exponential factor)
NOz-TPA 1 680 42 0.692 (-0.391), 10.8 (0.605), 131 (0.003)

5 697 29 4.54 (0.552) 8.61 (0.446), 43.1 (0.003)

10 698 29 3.30 (0.450), 7.82 (0.545), 31.5 (0.004)

NOz-t-TPA 1 709 28 0.893 (-0.412), 9.30 (0.584), 252 (0.004)

5 710 26 4.43 (0.418), 10.4 (0.019), 99.1 (0.000)

10 715 20 3.34 (0.967), 9.43 (0.033)

a Doping concentration represented by percentage in weight. bPeak wavelength of emission band from dopants.

Figure 4. Observed population decay of Tris-PCz:CN-T2T:1 wt% NOz-TPA / NOz-t-TPA 
doped film monitored at 670 / 690 nm with excitation at 357 nm. (a) TADF character of 
the emission from the corresponding doped film. (b) Rise trajectory of the emission from 
the corresponding doped film.
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due to the energy transfer from TADF of exciplex in the doped 
film. To gain more insight, the early fast energy transfer 
dynamic was also probed and the results of rise component 
shown in Figure 4(b) clearly indicate that NOz-t-TPA and NOz-
TPA emission consists of a rise time of 893 ps and 692 ps, 
respectively. The time-resolved measurements for other doping 
concentration were also conducted with data shown in Figure 
S3 and Table 2. Two remarks can be promptly pointed out 
according to Figure 4(a) and Figure 4(b). Firstly, under the 
identical experimental condition, as shown in Figure 4(a), the 
delayed component of NOz-TPA doped film is nearly two folds 
shorter than that of NOz-t-TPA doped film. Secondly, the 
slightly faster rise time for the emission of NOz-TPA (cf. NOz-t-
TPA) suggests faster energy transfer rate between exciplex host 
and NOz-TPA. Both observations significantly influence their 
performance on OLED. Detailed quantitative analyses are 
elaborated below.

Analysis in energy transfer dynamics

For clarity, we first probed the dynamics of the formation of 
exciplex between Tris-PCz and CN-T2T for host. The result 
shown in Figure S4(a) indicates that upon 357 nm excitation 
(repetition rate of 82kHz and pulse duration time of 180 fs) and 
monitoring at 500 nm exciplex emission the rise time is 
irresolvable (< 20 ps). Since the time constant for the formation 

of exciplex is much faster than all other kinetic parameters, the 
exciplex singlet CT state (S*(CT)) can be assumed to be 
populated instantaneously at t = 0 prior to any energy transfer 
processes. Standing on this basis, we tentatively propose an 
energy transfer mechanism depicted in Figure 5(b), which 
incorporates transfer of energy from TADF exciplex S*(CT) state 
and triplet T*(CT) state to the fluorescent dopant in the singlet 
(DS*) and triplet (DT*) manifolds. For the convenience of kinetic 
derivation, we simplify S*(CT) and T*(CT) to S* and T*, 
respectively, in the following text. This proposed energy 
transfer mechanism is commonly adopted the but never being 
rigorously validated in a quantitative manner, especially the 
competitive S* → DS* and T* →  DT* processes, which are 
interplayed due to the thermally accessible process between 
and S* and T* reversibly because of their origin from TADF host. 
Mechanism depicted Figure 5(b) is utilized to fit the 
experimental data obtained in this study. Prior to the following 
fitting process, we have fully deconvoluted the measured 
population lifetime with instrumental response function (IRF), 
eliminating the broadening effect. For the detailed 
deconvolution process, please see Simulative Approach in ESI. 
We first attempted to fit the population evolution of pure TADF 
host (Tris-PCz:CN-T2T) with the following equations:

   
*

* * ( )f isc risc
dS k k S t k T t
dt

       , (1)

Figure 5. The proposed kinetic model for energy transfer process between exciplex host and fluorescent dopants in (a) Tris-PCz:CN-T2T and (b) Tris-PCz:CN-T2T:1 wt% dopant 
(Blue words for NOz-TPA and red words for NOz-t-TPA) solid thin film. Parameters kCT is the rate of the formation of singlet CT state S*(CT) from localized excited state S*(LE); kf 
and kp are the population decay rate constants for the S*(CT) and triplet T*(CT) states of the exciplex (Tris-PCz:CN-T2T); kisc and krisc are intersystem crossing and reverse 
intersystem crossing rate constants, respectively. kFE is FRET rate constant from exciplex S*(CT) to singlet state of dopant DS*, and kDE is DET rate constant from exciplex T*(CT) 
to triplet states of dopant DT*. kdf and kdp are the population decay rate constants of DS* and DT*, respectively.
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*

* *( ) ( )p risc isc
dT k k T t k S t
dt

     
. (2)

Here, kf and kp denote the observed decay rate of fluorescence 
and phosphorescence, respectively. kisc and krisc represent the 
intersystem crossing and reverse intersystem crossing rate 
constant, respectively, of exciplex. We initially guessed kisc, krsic, 
kf, and kp to be (21.9 ns)-1, (357 ns)-1, (1 s)-1, and (10 s)-1, 
respectively, according to the previous work that assumed the 
pre-equilibrium between the exciplex CT S1 and T1 states.6 
These parameters were fitted iteratively with one parameter 
free to fit. As a result, we obtained the best fit shown in Figure 
S5(a) after several loops of adjustment for the parameters. kisc, 
krisc, kp, and kf were fitted to be (20.1 ns)-1, (333 ns)-1, (4.98 μs)-

1, and (327 ns)-1, respectively. We then plugged in all parameter 
to eqs. (1-2) to calculate the prompt and delayed decay rates. 
The results of (17.9 ns)-1 and (2.82 s)-1 for prompt and delayed 
fluorescence, respectively (Figure S5(b) and eq. (3) below) 
highly reproduce the experimental value of (20.8 ns)-1 and (2.69 
s)-1 (see Figure S4 (b)).

5
* 2.8217.9( ) 0.95 0.05

t snsS t e e 


    (3)

For the convenience of discussion, all fitted parameters are 
shown in Figure 5(a). These deduced TADF kinetic parameters 
are then applied as the initial guessed values for the 
photoluminescence data of Tris-PCz:CN-T2T:1 wt% dopant

For the convenience of discussion, all fitted parameters are 
shown in Figure 5(a). These deduced TADF kinetic parameters 

are then applied as the initial guessed values for the 
photoluminescence data of Tris-PCz:CN-T2T:1 wt% dopant 
(NOz-TPA, NOz-t-TPA) solid thin film incorporating energy 
transfer model shown in Figure 5(b). Under the assumption of 
low doping concentration (1 wt% doped films), the direct 
excitation of dopants can be neglected (vide supra). Hence, the 
decay process of each excited species can be expressed as 
follows:

*
* *( ) ( ) ( )f isc FE risc

dS k k k S t k T t
dt

       , (4)

*
* *( ) ( ) ( )p risc DE isc

dT k k k T t k S t
dt

       , (5)

*
* *( ) ( )df FE

dDS k DS t k S t
dt

     , (6)

*
* *( ) ( )dp DE

dDT k DT t k T t
dt

     . (7)

The parameters kdf and kdp denote the observed decay rate of 
dopant’s fluorescence and phosphorescence, respectively; kFE 
and kDE represent the rate constant of FRET and DET, 
respectively. Due to the * character and hence large EST 
between DS* and DT* it is reasonable to assume the trivial 
efficiency of intersystem crossing and that the decay of DT* 
doesn’t influence the population evolution of DS*. Therefore, 
kdt can be fixed as a small constant, which is reasonable set to 
be e.g. (10 μs)-1. 

Figure 6. Model fitting of the population decay curve of (a, c) Tris-PCz:CN-T2T:1 wt% NOz-t-TPA and (b, d) Tris-PCz:CN-T2T:1 wt% NOz-TPA with rise component (a, b) and prompt-
delayed component (c, d). Block circles are experimental data of two doped films acquired from TCSPC measurements under room temperature. Red lines are the fitting results 
for the population curves.
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We initially guessed the TADF associated parameters kisc, krisc, 
kf, and kp to be (20.1 ns)-1, (333 ns)-1, (327 ns)-1 and (4.98 μs)-1, 
respectively, for the following fit. The dopant related 
parameters, kdf and kFE of 1 wt% NOz-t-TPA were initially 
guessed to be (9.30 ns)-1, and (893 ps)-1, respectively, from its 
experimental prompt and rise lifetime; while for NOz-TPA, kdf 
and kFE were initially guessed to be (10.8 ns)-1 and (692 ps)-1, 
respectively. As for kDE of both emitters, we initially guessed 
them to be (1 μs)-1 according to the literature.47 The fitting 
process is separated into two parts, one for the rise component 
and the other for the prompt-delay component with the same 
parameters. Through the iterative fitting process, the best fit to 
the time-evolution of DS* for both NOz-t-TPA and NOz-TPA 1 
wt% doped in the Tris-PCz:CN-T2T film is depicted in Figure 
6(a,c) and Figure 6(b,d), respectively. Detailed fitting 
parameters for all rate constants are tabulated in Table S3. For 
the system with NOz-t-TPA as dopants, the associated rate 
constants for kFE (FRET) and kDE (DET) are thus determined to be 
(1.05 ns)-1 and (26.0 s)-1, respectively, while they are (0.77 ns)-1 
and (0.43 μs)-1, respectively, for NOz-TPA as the dopant. The 
resulted faster rate of kFE (FRET) for NOz-TPA is consistent with 
the more spectral overlap between PL spectrum of exciplex and 
absorption spectrum of NOz-TPA (vide supra, see Figure 3(b)), 
supporting the validity of fitted kFE parameters in terms of 
physical meaning. The analyses also indicate that the rate of 
Dexter type energy transfer kDE (DET) for NOz-t-TPA is ~60 times 
slower than that for NOz-TPA doped in the Tris-PCz:CN-T2T film. 
This apparently results in the longer delayed component for 
NOz-t-TPA (cf. NOz-TPA, see Figure 4(a)). From the viewpoint of 
chemical structure, the hindrance in DET in NOz-t-TPA can be 
rationalized by the far separated distance between exciplexes 
and the core of dopant chromophore, i.e., NOz-t-TPA, because 
of four peripheral bulky tert-butyl groups anchored on the TPA 
moiety.

Taking all fitted parameters in Table S3, the analytical 
solutions of DS*(t) for both NOz-TPA and NOz-t-TPA are shown 
in eqs. (8-9) and their simulated curves are shown in Figure 7(a) 
where DS*(t=0) is normalized to be unity. Note that in this 
simulation a fourth exponential term originating from the decay 
of triplet state, DT* is omitted because of the forbidden 
transition. The simulated rise, prompt, and delayed lifetimes 
match the experimental fitted parameters shown in Table 2. 
However, these parameters are now endowed with physical 
meaning.

* 717 10.79

3 148

( ) 1.00 1.00

3.29 10

t tps ns
NOz TPA

t
ns

DS t e e

e

 





    

   , (8)
* 954 9.71

3 228

( ) 1.01 1.00

3.73 10

t tps ns
NOz t TPA

t
ns

DS t e e

e

 

 



   

   . (9)
To compare the relatively steady state PL intensity between 

the doped films of NOz-TPA and NOz-t-TPA, we then integrate 
the simulated population curves from t = 0 to 1 s, followed by 
the multiplication with the corresponding kr to simulate the 
fluorescence intensity. Here, we assume that the dopants in 
dilute concentration of 1 wt% should possess similar radiative 

behavior with that in toluene. Hence, we choose kr measured in 
toluene as parameters, which are 8.81  107 and 7.62  107 s-1 
for NOz-TPA and NOz-t-TPA, respectively. As a result, the PL 
intensity (I) ratio (INOz-t-TPA / INOz-TPA) is deduced to be 0.79, 
consistent with the lower QY (28%) for NOz-t-TPA (cf. 42% for 
NOz-TPA).

Based on the simulation protocol we then made attempts to 
estimate the relative electroluminescence (EL) intensity. In this 
approach, the initial condition S*(0) and T*(0) is reset to be 
statistically 1 and 3, respectively, in equations (4) and (5) to 
generate the population curves for NOz-t-TPA and NOz-TPA 1 
wt% doped in the Tris-PCz:CN-T2T film under electronic 
excitation. The results are shown in Figure 7(b). Upon 
integrating the area and multiplying the fluorescence radiative 
decay rate constant kr for NOz-t-TPA (or NOz-TPA), the ratio of 
EL intensity for INOz-t-TPA versus INOz-TPA is estimated to be 1.04. 
Despite less intensity in PL, the simulation predicts better 
performance on EL of NOz-t-TPA. Although the real device 
performance also depends on other parameters such as device 
configuration and balance between electron and hole, etc., this 
methodology of using PL measurement serves as a paradigm to 
preliminarily estimate EL efficiency in OLEDs based on energy 
transfer between exciplex host and fluorescent guest. Its 
validity is further proved by the following practical EL 
measurement.

Figure 7. Simulated population decay of Tris-PCz:CN-T2T:dopant (1 wt%) under (a) PL and 
(b) EL.
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Electroluminescence 

Prior to the EL measurement, it is necessary to experimentally 
determine the energy level of HOMO and LUMO for title compounds 
in the solid thin film. To achieve this aim, photoelectron 
spectroscopy (PES) was conducted and the corresponding data 
are shown in Figure S6 and Table S3. Note that in the PES 
approach, the LUMO energy level was calculated from the 
corresponding orbital by adding the absorption energy gap in 
the solid neat film to the acquired HOMO level. For comparison, 
cyclic voltammetry measurement was also conducted in 
solution for acceptors (NOz) with corresponding data shown in 
Figure S7. Compared to other reported deep-red/NIR molecules 
with D-A-D systems, title compounds show relatively lower lying 
LUMO of -3.56 eV,48-50 which suggest that NOz should be among 
the best acceptors for NIR D-A molecules.

EL properties of OLEDs were investigated by fabricating 
devicewith architectures of ITO/ 4wt% ReO3: Tris-PCz (60 nm)/ 

Tris-PCz (15 nm)/ Tris-PCz:CN-T2T: 1, 5, 10 wt% dopant (20 
nm)/CN-T2T (50 nm)/Liq (0.5 nm)/Al (100 nm) according to 
previous report.6 Figure 8(a) shows the schematic energy level 
diagram of the device. According to the energy alignment the 
holes and electrons are able to be injected from Tris-PCz and 
CN-T2T to the emissive layer (EML) without any energy barrier, 
respectively. Figure 8(c)-(e) depicts the EL characteristics of the 
Tris-PCz:CN-T2T doped 10% NOz-TPA and NOz-t-TPA devices, 
and the key data are summarized in Table 3. We also show the 
EL characteristics with different doping concentration in Figure 
S8-S9. The device performance parameters are summarized in 
Table 3.

The 1 wt% NOz-TPA doping device exhibited maximum EQE 
and power conversion efficiency (PCE) of 6.0% and 4.6%, 
respectively, with an EL peak at 670 nm. However, at such low 
doping concentrations, the EL spectrum shows residual 
emission of exciplex. The 5 wt% NOz-TPA doping device 
displayed completely energy transfer. The EL displays a peak at 

Figure 8. (a)Schematic energy level diagram of the device. (b) Schematic of the emission mechanism in exciplex cohost system doped with fluorophores. (c) Current density-voltage-
radiance (J-V-R) characteristics. (d) External quantum efficiencies (EQE) and power conversion efficiencies (PCE) as a function of radiance. (e) EL spectra and (f) Comparison between 
NIR OLEDs in this work and other published metal-free NIR OLEDs.

Table 3. Electroluminescence Data of NIR OLED Devices.

dopant X
[%]

Vona

[V]

bR/J at 7V
[mW sr-1m-2/mA cm-2]

EQE/PCEmax
[%/%]

λmax
[nm]

NOz-TPA

1 2.2 14094/878 6.0/4.6 670

5 2.2 5960/839 5.0/3.5 689

10 2.2 5837/1012 4.3/3.0 700

NOz-t-TPA

1 2.0 60150/2160 7.4/5.3 683

5 2.0 21310/1455 6.9/4.9 697

10 2.0 12510/1160 6.6/4.4 710

aR is radiance and PCE is power conversion efficiency. bTurn-on voltage at which emission became detectable
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689 nm and lower maximum EQE (5.0 %). When the doped 
concentration increases to 10%, the maximum EQE drops 
to4.3% as well as the EL peak redshift to 700 nm, respectively. 
As the doping concentration increases, the distance between 
guest molecules decreases, which increases the local 
polarization field and the increased local polarization field tends 
to cause the spectral redshift.7 The lower efficiency might 
originate from the concentration quenching effects and the 
increase in DET from the triplet state (T1) of exciplex to T1 of 
dopant as Figure 8(b) shown. To eliminate the DET process from 
T1 of the exciplex cohost to T1 of the fluorescent emitters as well 
as to inhibit the concentration quenching process, a low doping 
concentration of the fluorescent emitter is thus required.

Notably, by adding tert-butyl groups on the para sites of 
phenyl rings in TPA, forming NOz-t-TPA, the NIR OLED devices 
have further high EQE and redshifted emission. When EML 
consists of low wt% such as 1% NOz-t-TPA to avoid the charge 
trapping process, the device displays maximum EQE of 7.4% and 
the EL spectrum shows clearly weak exciplex emission at 510 
nm. Next, upon increasing the doping level of NOz-t-TPA to 5 
wt%, the device displayed a radiance (R) of 21310 mW sr-1m-2 at 
7.0 V (1455 mA cm-2) with a peak at 697 nm, which achieved 
maximum EQE of 6.9% and PCE of 4.9%. Eventually, 10 wt% 
NOz-t-TPA as dopant, the device shows 71% of such emission 
falls in the NIR (> 700 nm) with an EL peaked at 710 nm. The 
remarkable point is that 10 wt% NOz-t-TPA device still 
maintains a maximum EQE of 6.6 %, which decreases a little 
compared to device with 5 wt% dopant (EQE of 6.9%). This 
suggests that the growth of DET accompanying the increase of 
doping level is not serious in NOz-t-TPA system (cf. NOz-TPA). 
The result is consistent with the early interpretation of PL 
results based on far separated distance between host material 
and guest molecules induced by the bulky tert-butyl substituent 
in NOz-t-TPA (vide supra), reaffirming the above kinetic 
analyses. 

In regard to the current progress on the NIR OLEDs we then 
show a plot of the EL efficiency for the reported metal-free NIR 
OLEDs between 700 and 715nm in Figure 8(f).29-31, 51-53 Clearly, 
this work presents an outstanding progress among the metal-
free NIR OLED through the conventional organic fluorescent 
dyes pumped by exciplex host via energy transfer. And 
importantly, this study sheds light on the overall energy transfer 
mechanism that is of fundamental importance to the relevant 
research fields.

Conclusions
In summary, exploiting two newly designed D-A-D type 
fluorescence NIR emitters, NOz-TPA and NOz-t-TPA, we have 
gained fundamental insights into energy transfer pathways 
between exciplex host and fluorescent guest. Both 
chromophores are applied as the guest emitter to fabricate thin 
film with the exciplex host Tris-PCz:CN-T2T exiplex where the 
host acts as an energy donor. The PLQY of NOz-TPA and NOz-t-
TPA NIR 680 nm and 709 nm emission are obtained to be 42 % 
and 28%, respectively, when optimized at 1 wt% blended in the 
Tris-PCz:CN-T2T film. Comprehensive time-resolved 

measurements suggest quiet different kinetic trace and hence 
energy transfer pathways between host and each fluorescence 
emitter. Detailed analyses conclude much different Dexter type 
of triplet-triplet energy transfer. Hindered by bulky tert-butyl 
substitution groups on the para sites of TPA, NOz-t-TPA doped 
film possesses ~60 times slower DET rate. Importantly, the 
analog analyses derived from the energy transfer mechanism 
(Figure 5) predict the relative PL and EL ratio for NOz-t-TPA 
versus NOz-TPA in the doped exciplex film. Despite the higher 
PL intensity in the NOz-TPA doped film, due to the original 75% 
population at the triplet state for which the energy dissipation 
is dominated by Dexter type energy transfer, NOz-t-TPA doped 
film predicts better OLED performance regarding e.g. EQE and 
PCE. This is further firmly proved by the real OLED operation 
(Figure 8 and Table 3). Correlated well with the analytical 
approach, the device of NOz-t-TPA displays a NIR emission peak 
at 710 nm with EQE up to 6.6%. This methodology incorporating 
comprehensive kinetic analyses proves to be powerful for 
exciplex host/fluorescent guest type of OLED, which may play a 
crucial role in guiding further NIR OLED development.
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