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ABSTRACT: In this work, we present an investigation of the
electronic states in a series of thermally activated delayed
fluorescence (TADF) exciplexes formed with the popular
electron-transport compound TpBpTa and hole-transporting
TCTA, TAPC, TPD10, TPD, and NPB. We rationalize the
photophysical behavior of exciplexes by using computational
methods and demonstrate that the reason for the commonly
observed temporal red shift in the time-resolved spectra is related
to the distribution of molecular conformations, thus CT energy, in
film. We also use spectrally resolved thermoluminescence (SRTL)
measurements to give insight into the trapping phenomena in
exciplex blends. The results demonstrate that trapped charge
carriers in the majority of studied exciplexes recombine through
the luminescent intermolecular CT state. In addition, we report OLED devices using the said exciplexes in the emissive layer. The
best performance is obtained with the TCTA:TpBpTa and TAPC:TpBpTa exciplexes showing maximum external quantum
efficiencies (EQEs) of 8.8% and 7.2%, respectively.
KEYWORDS: exciplex, thermally activated delayed fluorescence, TADF, OLED, charge-trapping

■ INTRODUCTION
In past decades, organic light-emitting diode (OLED)
technology has shown an intense and fast development and
has been applied commercially in lighting and luminescent
displays. The light-emitting layer plays a crucial role in OLEDs,
where charge carriers injected into the device recombine,
producing singlet and triplet excited states at a ratio of 1:3.1 To
achieve 100% internal quantum efficiency of electrolumines-
cence, the normally dark triplet excited states must be
harvested. This can be achieved by room temperature
phosphorescence in organometallic complexes2 or by thermally
activated delayed fluorescence (TADF).3 Purely organic
emitters exhibiting TADF can display competitive efficiency
relative to more conventional metal-based luminophores and
are often preferred, as they do not require precious metals in
the structure. TADF, also known as E-type delayed
fluorescence, involves up-conversion of triplet excitons into
the singlet state.4 An important factor in efficient TADF is a
small singlet−triplet energy gap (ΔEST).5 The simplest way to
reduce the ΔEST is by using donor (D) and acceptor (A)
groups in the molecular structure leading to intra-molecular
excited charge-transfer (CT) states.6 Similar, but inter-
molecular excited CT states can be observed in blends of D
and A, also known as exciplexes.7 Although exciplexes have
been known since the 1960s,8 they have only gained significant

attention as emitters in OLED in the past 20 years. Exciplexes
have initially been considered as an undesirable quenching
mechanism in OLEDs,9 but since Goushi et al. have
demonstrated TADF in a blend of 4,4′,4″-tris[3-methylphenyl-
(phenyl)amino] triphenylamine (m-MTDATA) with 2,8-
bis(diphenylphosphoryl)dibenzo[b,d]thiophene (PPT)10 and
m-MTDATA with 2-(biphenyl-4-yl)-5-(4-tert-butylphenyl)-
1,3,4-oxadiazole (t-Bu-PBD),7 they became a point of interest
as potentially highly efficient OLED luminophores. Exciplexes
have made enormous progress since, being used as
components of OLEDs, organic solar cells,11,12 organic field-
effect transistors,13,12,14 light-emitting electrochemical
cells,15,16 and others. Exciplex OLEDs have already reached
efficiencies comparable to those of molecular state-of-the-art
TADF emitters with an external quantum efficiency (EQE) at
20% for blue, 24% for green, 10% for red, and 1% for the near-
infrared regions of the spectrum.17−19 Besides their highly
efficient luminescence, exciplexes serve as excellent hosts in
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phosphorescent, TADF, and hyperfluorescent OLEDs.20 A
typical approach to achieving exciplex luminescence is to mix
unipolar electron-donating (D) and electron-accepting mole-
cules (A) or to combine a D−A type bipolar material with A or
D molecules.21 As shown earlier,22 exciplex systems require a
specific configuration between the HOMO and LUMO of the
D and A to form. Relatively high triplet energy of the
counterparts is necessary to yield TADF, while efficient charge
transport is vital in devices.

Luminescent efficiency of exciplexes is often limited by
nonradiative processes.23 However, it has been shown that
accelerating the harvesting of triplet excitons facilitates
reducing the detrimental effect of nonradiative pathways,
leading to increased OLED efficiencies. This promotion of
triplet harvesting can be achieved by enhancing spin−orbit
coupling between singlet and triplet states24,25 or by increasing
the number of RISC channels17,26�the latter with more
success so far. The high efficiency of exciplexes has been
achieved by using a conventional TADF emitter as either the D
or A or by using three-component systems.17,27 Nevertheless,
simple D−A systems remain more useful for an understanding
of the intrinsic behavior of exciplexes.

One of the somewhat more obscure features of TADF
exciplexes is the actual mechanism of the reverse intersystem
crossing (RISC). It is well-known that an efficient RISC in a

D−A system requires a third, triplet state as a mediator given
that the emissive 1CT state is accompanied by a close lying
3CT of virtually the same orbital topology.28−30 Since spin−
orbit coupling matrix element ⟨3CT|HSO|1CT⟩ ≈ 0 due to the
practically same orbital geometry of both states, the third state
of a different topology is necessary for RISC to be efficient�it
is often the local triplet state of D or A, 3LED/A.

In our work, we aim to study exciplex systems either in
which the 3LE is an obvious mediator state or in which the role
of the local triplet state is somewhat less clear, suggesting that
something other than local states must be involved in the RISC
mechanism. We have selected a group of five exciplexes with a
similar steady state photoluminescence to study the effects of
the relative configuration of the 1CT/3CT and 3LE on exciplex
TADF. Using in depth photophysical and computational
techniques, we demonstrate that upper CT states may serve as
substitute mediator states in the absence of obvious 3LE states
near the S1/T1 manifolds.

Green OLEDs based on investigated charge transfer systems
yielded electro-optical performance in accordance with photo-
physical and theoretical studies. Additionally, charge-trapping
and the radiative recombination phenomena of exciplex
emitters have been investigated by spectrally resolved
thermoluminescence (SRTL) techniques.31,32

Figure 1. Chemical structure of exciplex forming materials used in this work.

Figure 2. (a) Normalized absorption spectra in the film of TAPC, TpBpTa, and their blends; (b) normalized photoluminescence (PL) spectra of
exciplex blends in films.
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■ RESULTS AND DISCUSSION
Photophysics. Figure 1 presents the chemical structures of

commercially available OLED fabrication materials used in this
study. We have selected five donor molecules with similar
ionization energy: TCTA {tris(4-carbazoyl-9-ylphenyl)amine},
TAPC {4,4′-cyclohexylidenebis[N,N-bis(4-methylphenyl)-
benzenamine]}, TPD10 {N4,N4′-di(biphenyl-4-yl)-N4,N4′-
diphenylbiphenyl-4,4′-diamine}, TPD {N,N′-bis(3-methyl-
phenyl)-N,N′-diphenylbenzidine}, and NPB {N,N′-di(1-naph-
thyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine}. Formation
of the exciplex CT state occurs through electron donation by
the excited state of the donor D* to the A molecule.33,34

Generally speaking, triazine-based acceptors have been popular
exciplex forming materials due to their electron-deficient
structure.35−37 We have selected a molecule from this group as
an electron acceptor for the study: TpBpTa {2,4,6-tris(3′-
(pyridin-3-yl)-[1,1′-biphenyl]-3-yl)-1,3,5-triazine}. TpBpTa
has a high molecular weight, high triplet energy, propeller-
shaped structure, and high electron mobility and thus is
perfectly suited for the study.11,38 To the best of our
knowledge, the presented exciplexes have not been reported
previously, except for the TCTA:TpBpTa blend.39

Normalized absorption and photoluminescence spectra of
TAPC, TpBpTa, and their blends are presented in Figure 2a.
Absorption spectra of the blend are a simple superposition of
individual components, indicating no aggregation or formation
of CT in the ground state. At the same time, the PL spectrum
of the TAPC:TpBpTa exciplex blend is visibly red-shifted
compared to PL spectra of TAPC and TpBpTa individual
films.33,40 Corresponding behavior was observed also in all of
the other blends (Figures S1, S2), in line with typical behavior
presented by exciplexes.34,41,42 Figure 2b demonstrates PL
spectra in thin films of the five studied exciplex blends. The
maximum steady state PL of all studied exciplexes falls within a
relatively narrow range of 524−551 nm. The similarity
between the exciplex emission maximum (hvmax) can be
rationalized with relation hvmax = IPD − EAa − Ec, where IPD is
the ionization potential of the donors (5.5−5.7 eV), EAa is the
electron affinity of the acceptor (3.1 eV), and Ec is the
electron−hole Coulombic attraction energy (also see Figure
S15).43,44 Despite small variation in the PL spectra, the
exciplex CT λPL follows the trend of the energy gap (IPD −
EAa), in line with the donor strength: TCTA:TpBpTa <
TAPC:TpBpTa < TPD:TpBpTa ≈ TPD10:TpBpTa, except
for the NPB:TpBpTa exciplex, which displays a more blue-
shifted PL than expected. At this point, we note that exciplexes
usually show the prompt and delayed luminescence
components with slightly different PL spectra, and their
contributions will be affecting the resultant steady state PL
spectrum. We will return to this issue later when discussing
time-resolved spectra and decay traces of exciplexes.

To understand the effects of the local triplet states (3LE) on
exciplex TADF and the RISC mechanism, they have been
divided into two groups: TCTA:TpBpTa and TAPC:TpBpTa,
with higher triplet energy donors (T1 ≈ 2.7−2.9 eV) and
TPD:TpBpTa, TPD10:TpBpTa, and NPB:TpBpTa with lower
triplet energy donors (T1 ≈ 2.4−2.5 eV). This selection of
donor materials allows the localization of the 1CT/3CT
exciplex states significantly below the 3LE (TCTA:TpBpTa
and TAPC:TpBpTa exciplexes) or slightly above it
(TPD:TpBpTa, TPD10:TpBpTa, and NPB:TpBpTa exci-

plexes). Note that the TpBpTa triplet energy (T1 = 2.75 eV)
is significantly above that of the exciplex CT in all cases.

PL decay traces for all exciplexes are presented in Figure 3.
Exciplexes are complex, heterogeneous emissive systems, and

their photoluminescence decay is usually comprised of prompt
and often delayed fluorescence (i.e., TADF), with both of
these components being roughly monoexponential but often
being better described by a bi- or multiexponential fit.41,45 In
the exciplex systems described in this work, a monoexponential
fit was used for prompt fluorescence, at delays < 1 μs (except
for NPB:TpBpTa, where a biexponential fit was used), and a
biexponential fit was used to fit delayed fluorescence, at delays
> 1 μs. We conduct laser fluence experiments on the delayed
fluorescence component of each of the exciplexes, which
results in a linear dependence of photoluminescence intensity
with excitation dose, ruling out triplet−triplet annihilation and
leaving TADF as the only possible mechanism.42 In this work,
the RISC rates of exciplexes were estimated from average
TADF lifetimes and are presented alongside other optical
characteristics in Table 1.

The five exciplexes in this work can be divided into three
groups based on the similarity of their photophysics behavior:
TCTA:TpBpTa and TAPC:TpBpTa exciplexes (group I),
TPD:TpBpTa and TPD10:TpBpTa exciplexes (group II), and
the NPB:TpBpTa exciplex (group III).

The first group, the TCTA:TpBpTa and TAPC:TpBpTa
exciplexes, shows the largest ØPL ≈ 0.4 of all investigated

Figure 3. Photoluminescence decay in the film of all five exciplex
blends as a function of temperature. The presented decay traces are
obtained by integrating the photoluminescence intensity over the
whole emission spectral range.
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systems as well as the largest contribution of TADF, ØDF/ØPF
≈ 5−8. kRISC is on order of ∼106 s−1, like in other highly
efficient TADF exciplexes.41 The ØDF/ØPF value of these two
exciplexes is identical within the margin of error. Crucially, the
steady state PL spectra of these two exciplexes are different.

In the second group , the TPD:TpBpTa and
TPD10:TpBpTa exciplexes, the ØPL ≈ 0.1 and ØDF/ØPF ≈
1−2 are lower than in group I. The RISC rate is estimated to
be at least 1 order of magnitude smaller than in
TCTA:TpBpTa and TAPC:TpBpTa exciplexes. The
TPD10:TpBpTa exciplex displays a visibly larger ØPL and kPF
but smaller ØDF/ØPF than its counterpart TPD:TpBpTa. This
is a sign of a slower ISC rate and increased oscillator strength
of the S0 → S1 transition. TPD10 has a larger π system than

TPD, which results in an increased ππ* character to the S1
state�an effect somewhat similar to that reported recently in
TADF emitters built on a triptycene core.46

Finally, the NPB:TpBpTa exciplex shows the lowest ØPL ≈
0.03 ± 0.01 and clear dominance of prompt fluorescence over
TADF with a very small ØDF/ØPF = 0.15 ± 0.08 in comparison
to TPD:TpBpTa and TPD10:TpBpTa exciplexes. The
NPB:TpBpTa exciplex is very similar to the TPD:TpBpTa
and TPD10:TpBpTa exciplexes, but the difference lays in the
shorter lifetime of the triplet state of the former. The TADF
component in the NPB:TpBpTa exciplex lives around an order
of magnitude shorter than in the other two exciplexes,
suggesting a significant influence of nonradiative decay on
the T1 state in this case. This effect can be clearly linked to the

Table 1. Summary of Photophysical Properties of Studied Exciplexes

exciplex λem, nm ØPL τPF, ns τDF, μsa kPF × 10−6, s−1 kRISC × 10−6, s−1 DF/PF

TCTA:TpBpTa 524 0.35 ± 0.04 26 ± 2 τ1 = 0.40 ± 0.06 (61%) 2.3 ± 1.0 3.5 ± 1.4 4.8 ± 1.5
τ2 = 2.0 ± 0.4 (39%)
τav = 1.7 ± 0.3

TAPC:TpBpTa 533 0.45 ± 0.14 20 ± 1 τ1 = 0.26 ± 0.04 (59%) 2.4 ± 1.3 5.6 ± 2.1 8.3 ± 2.2
τ2 = 1.9 ± 0.2 (41%)
τav = 1.7 ± 0.2

TPD:TpBpTa 551 0.07 ± 0.01 19 ± 0.6 τ1 = 1.33 ± 0.08 (81%) 1.4 ± 0.4 ∼0.1 1.7 ± 0.3
τ2 = 13 ± 1 (19%)
τav = 9.8 ± 1.4

TPD10:TpBpTa 551 0.14 ± 0.02 19 ± 0.4 τ1 = 1.00 ± 0.06 (75%) 3.5 ± 0.6 ∼0.1 1.11 ± 0.14
τ2 = 9.0 ± 0.7 (25%)
τav = 7.0 ± 0.8

NPB:TpBpTa 532 0.03 ± 0.01 τ1 = 6.9 ± 0.5 (58%) τ1 = 0.22 ± 0.03 (93%) 0.8 ± 0.4 -b 0.15 ± 0.08
τ2 = 37 ± 2 (42%) τ2 = 1.8 ± 0.4 (7%)

τav = 0.84 ± 0.45
τav = 31 ± 3

aτav is the average amplitude-weighted decay lifetime,45,47 τav = A1τ1
2 + A2τ2

2

/Ad1τ d1 + A d2τd2
. bUnable to determine with sufficient precision due to low

intensity of delayed fluorescence.

Figure 4. Time-resolved photoluminescence spectra of exciplexes TCTA:TpBpTa and TAPC:TpBpTa in film at 295 K and 80 K.
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local triplet state of NPB that is subject to a more intense
quenching. For example, in a previously reported exciplex
involving NPB, the 1CT/3CT manifold was below the 3LE of
the donor, and in this case, the differences in photophysical
behavior between analogous NPB and TPD exciplexes were
insignificant.41

Photoluminescence decays of all five exciplexes in the film
are presented in Figure 3. The general photophysical behavior
of these exciplexes is similar to that presented in related
systems.41 We observe a gradual elongation of prompt and
delayed fluorescence lifetimes at lower temperatures and a
decrease of delayed fluorescence amplitude for TCTA:TpBp-
Ta, TAPC:TpBpTa, TPD:TpBpTa, and TPD10:TpBpTa
exciplexes, but the NPB:TpBpTa exciplex behaves differently.
In the last case, we observe an increase in the long-lived
component until 110 K with the first sign of intensity decrease
visible at 80 K. This behavior of the NPB:TpBpTa exciplex
confirms strong quenching of the NPB 3LE state by
nonradiative processes at room temperature. The behavior of
all of the other exciplexes is typical of TADF emitters as the
decay lifetime increases at a lower temperature�in line with
the RISC mechanism.2,3

Transient PL spectra recorded for the exciplex films are
presented in Figures 4 and 5. We observe that the
photoluminescence of exciplexes gradually redshifts with time
delay. The most change occurs mainly within the first 100 ns of
delay, which corresponds to prompt fluorescence. In general
this behavior is attributed to geometry relaxation of the
exciplex and is known among exciplexes41 and single molecule
TADF emitters.46 Prompt fluorescence originates from species
that exist in an excited state for a short time without having a
chance to relax their geometry, while for species emitting via
delayed fluorescence there is enough time to relax their
geometry or otherwise emit from a lower energy state. The
states with higher energy emit at a faster rate, thus the emission
spectrum redshifts due to the low energy states living longer.
This behavior suggests that the CT energy of emissive states is
better described as a distribution rather than a specific, discrete
energy level. For this very reason, it seems more reasonable to
describe CT states of the exciplex as a band which consists of a
large number of CT states being close to one another in
energy, although not necessarily being mixed together but
rather remaining as electronic states of individual D:A pairs.
Similar behavior of the transient PL spectra occurs at lower

Figure 5. Time-resolved photoluminescence spectra of exciplexes TPD:TpBpTa, TPD10:TpBpTa, and NPB:TpBpTa in film at 295 K and 80 K.
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temperatures, especially at 80 K, but the PL spectra are slightly
blue-shifted with respect to those at room temperature.

Some of the exciplexes which have the 3LE below the
1CT/3CT manifold (mostly in TPD10:TpBpTa and
NPB:TpBpTa but also in TPD:TpBpTa) present phosphor-
escence in the long delay region beyond 1 ms, at 80 K.
Phosphorescence gradually emerges in the time-resolved
spectrum as delay increases due to the overlap between
shorter-lived delayed fluorescence and longer-lived phosphor-
escence in intermediate times. Interestingly, in the
NPB:TpBpTa exciplex there appears an emission shoulder to
phosphorescence around 500 nm that coincides with
fluorescence emission of the exciplex. This can be ascribed
to the triplet−triplet annihilation (TTA) between the NPB
molecules in the blend.48 In a similar way, NPB pristine film
exhibits NPB fluorescence emission in the same time delay as
phosphorescence, which is again identified as TTA. Some of
the exciplexes which do not display phosphorescence at lower
temperatures, such as TCTA:TpBpTa and TAPC:TpBpTa,
display a long-lived component at delay times exceeding 1 ms
that decays in a power law fashion and is visible in the decay as
a mostly linear region at the end of the decay. This decay
behavior has been previously hypothesized to originate from
nongeminate electron−hole recombination.41,49,50

It is worth noting that, with exciplexes involving TPD,
TPD10, and NPB donors, their CT energy remains always
above the 3LE energy of the donor, thus the local triplet state is
the active T1 state which mediates ISC and RISC. In this case
the 3LE state of the donor acts as a quencher of 1CT/3CT
states, potentially leading to a reduction in exciplex TADF. We
observe this behavior in the case of the NPB:TpBpTa blend.
On the other hand, in TCTA:TpBpTa and TAPC:TpBpTa
exciplexes, the bottom of the CT band remains below the
energy of the lowest 3LE, which renders these exciplexes the
most efficient.

We now aim to explain the steady state spectra of exciplexes
using the time-resolved data. One can observe that steady state
emission of the NPB:TpBpTa exciplex is significantly blue-
shifted with respect to TPD and TPD10-based exciplexes
despite all three donors having near identical ionization
potentials (and thus we expect them to have similar PL
spectra). We note that the prompt and delayed fluorescence of
these three exciplexes are virtually identical at room and low
temperatures (Figure 6), therefore the divergence of the steady
state spectra must be related to the different contributions of
prompt fluorescence and TADF components. We note that the
NPB:TpBpTa exciplex shows a significantly lower contribution

of TADF than the other two exciplexes, rendering the steady-
state emission prompt-dominated, which explains the blue shift
in the steady state spectrum. Similarly, exciplexes with TCTA
and TAPC donors display slightly different steady state spectra
and prompt fluorescence at 295 K, but the TADF emission of
both is identical (Figure 7). Interestingly, it appears that the

emissions differ at 80 K with the TCTA:TpBpTa emission
spectra being more blue-shifted. The above-mentioned
phenomena clearly demonstrate that the analysis of exciplex
CT energy cannot simply rely on steady state spectra as this
approach may be misleading. Instead, time-resolved spectra
should be used to accurately describe exciplex CT energy.

In summary, the TCTA:TpBpTa and TAPC:TpBpTa
exciplexes display the best TADF performance through a
combination of factors. The 3LE states being energetically
above the 1CT/3CT manifolds provides the smallest S1−T1
gap, simultaneously making the 3CT the lowest triplet excited
state. While 3LE states may often be long-lived at room
temperature, they may sometimes act as a loss pathway, as
observed in case of the NPB:TpBpTa exciplex. 1CT/3CT states
show a much weaker coupling to the ground state, which we
believe may result in a lesser susceptibility of the 3CT state to
the nonradiative decay, in line with the behavior of the said
pair of exciplexes.

Theoretical Calculations. The simulated conformations
of all studied exciplexes are presented in Figures S5−S9. In all
cases, numerous N---HC, CH---HC, and CH---π (T-shaped)
interactions stabilize the dimers, and the corresponding
binding energies are presented in Table S1. In our simulation,
we assume that all of the studied complexes are even more
stabilized in the solid state film, and upon the population of
corresponding charge-transfer exciplex states the dimers
actually do not dissociate due to the constraints by
surrounding molecules; i.e., exciplexes maintain a similar
close conformation to that of the ground state optimized
geometry. This assumes also the small Stokes shift between
vertical absorption and emission by the studied complexes, and
thus S1 and T1 state energies calculated for S0 optimized
donor−acceptor dimers are in reasonable agreement with
experimental emission wavelengths (Table S2). We used a
similar approach for the simulation of charge-transfer
exciplexes to that presented by Kim et al.51 with the difference
that the ground state geometries of dimers were extracted from
molecular dynamic simulations, while in our simulations we
manually constructed initial dimers and then optimized them
using a PM6 approach. Despite the PM6 approach having a
known limitation for quantitatively correct estimation of

Figure 6. Overlayed time-resolved photoluminescence spectra of
exciplexes TPD:TpBpTa, TPD10:TpBpTa, and NPB:TpBpTa.

Figure 7. Overlayed time-resolved photoluminescence spectra of
exciplexes TCTA:TpBpTa and TAPC:TpBpTa.
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binding energies for H-bonded and Van-der-Waals complexes,
the mixed-type interactions (like those in the studied
exciplexes) are better described by PM6.52 Even if accounting
for the overestimation of binding energies by the PM6 method
through the systematic error contribution, the qualitative
changes between different sorts of dimers are principally
correct. One can see from the Table S1 that binding energies
are highest for TAPC:TpBpTa dimers (in the range of 7.7−
11.6 kcal mol−1) and are somewhat smaller for TCTA:TpBpTa
dimers (4.5−8.8 kcal mol−1), while for other dimers binding
energies are generally smaller (not exceeding 8.5, 6.9, and 7.4
kcal mol−1 for NPB:TpBpTa, TPD:TpBpTa, and
TPD10:TpBpTa dimers). This means that the propeller-
shaped structure of TCTA and half-propeller-shaped structure
of TAPC donor molecules are preferable for complexing with
the star-shaped TpBpTa acceptor. This correlates with higher
ØPL values for TAPC:TpBpTa and TCTA:TpBpTa exciplexes
compared to other systems (Table 1). Blue shifted prompt
fluorescence of exciplexes can be explained in terms of stronger
exchange interactions between close-lying donor and acceptor
counterparts that increase the transition dipole moment of the
S1(CT)−S0 transition and shift this transition to higher energy.
Indeed, one can note from the time-resolved photolumines-
cence spectra (Figures 4 and 5) that fast emission (in the
nanosecond time scale) takes place at higher energies and with
higher intensities, which corresponds to prompt fluorescence
by strongly coupled exciplexes. Less coupled exciplexes
generally demonstrate red-shifted emission and smaller
intensities of S1(CT)−S0 transition that results in a decrease
of prompt fluorescence intensity and facilitates the TADF
channel with higher fluorescence lifetimes. This means the key
role of geometrical configuration and exchange interactions in
the photophysical behavior of exciplexes. One can see from
Table 2 that our theoretical estimations for just 10 random
exciplex configurations reproduce (both qualitatively and
quantitatively) the experimental trends in 1CT energy well,
confirming the presented hypothesis about the correlation
between the coupling strength within dimer pairs and emission
energy/intensity/lifetime.

In order to bring more insight into the electronic transitions
governing RISC and ISC and thus the TADF mechanism, we
analyze the orbital topology of higher-lying triplet excited
states of all exciplexes at orientation 1. The orbital contours
relevant to this discussion are presented in Supporting Figures
S3.6−S3.10. For NPB:TpBpTa exciplex, the T2 state is of
mixed 3CT+3LE nature localized on a donor NPB state. The
existence of this state is favorable for T1-S1 RISC, as vibronic
coupling between T2 and T1 (intermolecular CT) should be
efficient through the small energy gap and different spatial

symmetry reasons. However, the radiative decay of this
exciplex is hindered by the nonradiative processes, as discussed
earlier. In the TAPC:TpBpTa exciplex, the 3LE state of TAPC
counterpart is lying much higher in energy than the T1
intermolecular 3CT state. One should note that T2−T4 states
for the TAPC:TpBpTa in conformation 1 are all of an
intermolecular 3CT nature, while T5 at 2.95 eV mainly
corresponds to a state localized on the TpBpTa acceptor. The
position of the 3LE state of TAPC is thus higher by 0.75 eV
relative to the T1 (3CT) state of the TAPC:TpBpTa exciplex.
The situation is very similar for the TCTA:TpBpTa exciplex:
the T2 state corresponds to the intermolecular 3CT state, while
the 3LE state of the TpBpTa acceptor is predicted to remain
0.4 eV higher than the T1 intermolecular 3CT state, while the
3LE state of TCTA is 0.5 eV higher than the T1. For
TPD:TpBpTa and TPD10:TpBpTa exciplexes, the T2 state is
of a similar intermolecular CT nature to the T1 state, while the
3LE states (both for donor and acceptor) are predicted near
2.9 eV, corresponding to higher-lying triplet Tn states (n > 4).
From this picture, we can conclude that exciplexes with lower
energy 3LE, such as NPB:TpBpTa, display RISC/ISC
mediated through the said local triplet state as its orbital
topology is significantly different from that of the S1/T1 CT
states. However, the exciplexes with high-lying 3LE do not rely
on these states for the RISC/ISC mechanism. Instead, the
upper (i.e., n = 2) Tn intermolecular CT state serves as the
mediator state with its topology being different from that of the
S1/T1 CT states. This demonstrates that 3LE states are not
necessary for efficient TADF and in fact close-lying
intermolecular CT states spin−orbit couple sufficiently
strongly to allow fast spin flip.

OLED Fabrication and Characterization. In order to
evaluate the TADF behavior of studied exciplex systems under
electrical excitation, we have introduced them as emitters in
thermally evaporated multilayer OLEDs. The structures of the
fabricated prototype devices were as follows: ITO/NPB (40
nm)/TCTA (10 nm)/TCTA:TpBpTa (20 nm)/TpBpTa (50
nm)/LiF (1 nm)/Al (100 nm); ITO/NPB (30 nm)/TAPC
(10 nm)/TAPC:TpBpTa (20 nm)/TpBpTa (50 nm)/LiF (1
nm)/Al (100 nm); ITO/NPB (30 nm)/TPD (10 nm)/
TPD:TpBpTa (20 nm)/TpBpTa (50 nm)/LiF (1 nm)/Al
(100 nm); ITO/TAPC (20 nm)/TPD10 (10 nm)/
TPD10:TpBpTa (20 nm)/TpBpTa (50 nm)/LiF (1 nm)/Al
(100 nm); ITO/TAPC (30 nm)/NPB (10 nm)/NPB:TpBpTa
(20 nm)/TpBpTa (50 nm)/LiF (1 nm)/Al (100 nm).

The emitting layer of OLEDs comprised codeposited donor
and acceptor materials at a 1:1 ratio. The schematic
representation of the energy levels of organic semiconductors
used in the OLEDs is shown in Figure S15.

Table 2. Summary of Excited State Energies Based on Time-Resolved Photoluminescence Spectra and Theoretical CT State
Energya

exciplex CT energy (295 K), eVb CT energy (80 K), eVb CT energy (theory), eV T1 (donor), eV T1 (acceptor), eV CT−3LE, eVc

TCTA:TpBpTa 2.90→2.67 2.89→2.74 3.03→2.50 2.89 2.75 −0.08
TAPC:TpBpTa 2.78→2.66 2.79→2.67 2.96→2.18 2.75 −0.09
TPD:TpBpTa 2.75→2.58 2.77→2.53d 2.60→2.35 2.45 0.13
TPD10:TpBpTa 2.77→2.55 2.75→2.48d 2.69→2.38 2.46 0.09
NPB:TpBpTa 2.75→2.53 2.82→2.47d 2.79→2.49 2.48 0.05

aAssume ±0.03 eV error on all excited state energy values. bCT energy related to all time-resolved spectra recorded, from prompt fluorescence (≈
2 ns delay)�larger value�to the last recorded spectra with sufficient S/N ratio�lower value. Note the CT energy is always monotonically
decreasing with time delay. cEnergy difference between the lowest boundary of CT energy band at room temperature and the nearest 3LE level. A
negative value indicates 3LE above the CT manifold. dVisible phosphorescence at longer delay times.
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The main electroluminescence properties of the OLEDs are
presented in Figures 8 and S16, and Table 3. All devices exhibit
pure green electroluminescence in line with the PL spectra of
the respective exciplexes (Figure S17), with λEL in the range of
530−555 nm. The EL spectra are not contaminated by
emission from adjacent layers and remain stable with
increasing operating voltage. It should be noted that all
fabricated OLEDs exhibit a relatively low turn on voltage of 2.5
V. The above facts show the OLEDs have a barrier-free
structure and efficient hole and electron transport resulting in
an effective exciton recombination in the active layer.

Additionally, the presented devices were designed in order
to display a similar current density operating regime which
facilitates comparison of electroluminescence properties
between exciplexes. The current density−voltage curves of
OLEDs are presented in Figure S16. All of them are similar
except for the TCTA:TpBpTa blend, which displays a
characteristic slightly shifted to higher voltages. Such a shift
is caused by a deeper HOMO energy (5.7 eV) of TCTA
molecules than other electron-donating materials used in the
study, resulting in a slightly larger barrier for hole transport.

TCTA:TpBpTa and TAPC:TpBpTa exciplexes give higher
OLED efficiency than the other three. Among these two,
TCTA:TpBpTa presents the best device performance with the
maximum brightness (Lmax), maximum current efficiency
(ηL,max), and maximum external quantum efficiency (ηext,max)
being 9340 cd m−2, 29.4 cd A−1, and 8.8%, respectively. The
device fabricated with the TAPC:TpBpTa exciplex exhibits a
comparable performance with an Lmax of 1230 cd m−2, ηL,max of
25.6 cd A−1, and ηext,max of 7.2%, respectively. The second
group of devices made using TPD:TpBpTa and

TPD10:TpBpTa exciplexes in the emissive layer exhibits a
2−3-fold lower performance than the most efficient OLEDs in
this work. The maximum brightness (Lmax), current efficiency
(ηL,max), and external quantum efficiency (ηext,max) obtained are
1095 cd m−2, 8.2 cd A−1, and 2.7% for a device employing the
TPD:TpBpTa exciplex, respectively, and 1061 cd m−2, 12.2 cd
A−1, and 4.7% for OLED based on the TPD10:TpBpTa blend,
respectively. Despite the similarity of these two exciplex
systems, TPD10:TpBpTa gives better performance than
TPD:TpBpTa. This can be rationalized by a higher photo-
luminescence quantum yield in the former. Finally, the
NPB:TpBpTa exciplex displays the lowest OLED performance
due to a strong quenching of triplet states. We record an ηext,max
of 0.37% and an ηL,max of 1.1 cd A−1 for OLED using this
exciplex in the emissive layer. The maximum external quantum
efficiency of OLED devices agrees with the ΦPL of respective
exciplexes in film.

Charge Trapping Properties of Exciplex Emitters. It is
known that charge trapping may affect, directly or indirectly,
processes of photogeneration and recombination of charge
carriers, so it may have a strong influence on the performance
of OLEDs. In electroluminescent devices, the charge transport
depends not only on the electronic properties of semi-
conducting molecules, but also on the supramolecular
structure of the active layer, which determines the density of
transport states and trapping sites. The presence of trap states
hinders the transport process of carriers in the OLED and
affects the shape of the current−voltage characteristics and also
the luminance−current density dependence of OLEDs. For
that reason, the trapping and recombination processes in
investigated exciplex blends were examined by spectrally

Figure 8. Electroluminescence (EL) spectra of fabricated devices (a) and their external quantum efficiency versus current density characteristics
(b).

Table 3. Characteristics of OLED Devices: Turn-on Voltage (Von), Maximum Brightness (Lmax), Current Efficiency (ηL,max),
External Quantum Efficiency (ηext,max), Maxima of PL and EL (λmax) Spectra, CIE 1931 Color Coordinates, Current Efficiency
(ηL), Power Efficiency (ηP), and External Quantum Efficiency (ηext) at 100 cd m−2 and 1000 cd m−2 Brightness

100 cd m−2 1000 cd m−2

Von
(V)

Lmax (cd
m−2)

ηL,max (cd
A−1)

ηext,max
(%)

λmax PL
(nm)

λmax EL
(nm)

CIE 1931 (x;
y)

ηL (cd
A−1)

ηext
(%)

ηL (cd
A−1)

ηext
(%)

TCTA:TpBpTa 2.5 9340 29.4 8.8 525 529 (0.34; 0.56) 26.9 8.4 27.1 8.3
TAPC: TpBpTa 2.5 1230 25.6 7.2 537 536 (0.36; 5.58) 24.7 7.2 13.1 3.8
TPD: TpBpTa 2.5 1095 8.2 2.7 549 552 (0.41; 0.56) 6.6 2.0 1.1 0.4
TPD10: TpBpTa 2.5 1061 12.2 4.1 548 544 (0.40; 0.56) 12.2 3.7 3.8 1.2
NPB: TpBpTa 2.5 703 1.1 0.37 537 533 (0.32; 0.50) 1.1 0.36
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resolved thermoluminescence (SRTL). This is one of the
direct methods for studying the phenomenon of trapping
charge carriers in electroluminescent organic materials.53 The
TL experiment involves excitation of the sample at a

wavelength corresponding to the lowest energy absorption
band at the lowest temperature available in a given setup.
Optical excitation generates singlet excitons, which can either
recombine radiatively or nonradiative, or dissociate. Most of

Figure 9. SRTL spectra of the TCTA:TpBpTa film. (a) SLTL map. (b) Normalized monochromatic TL curve recorded at emission maximum (λ =
536 nm). (c) Isothermal spectrum of emitted light recorded at the temperature corresponding to TL maximum. Straight dashed lines on the SRTL
map indicate the selected wavelength for the monochromatic TL curve (horizontal line) and the selected temperature for the isothermal spectrum
of emitted light (vertical line).

Figure 10. SRTL spectra of the NPB:TpBpTa film. (a) SRTL map. (b) Normalized monochromatic TL curve recorded at emission maximum (λ =
569 nm). (c) Isothermal spectrum of emitted light recorded at the temperature corresponding to TL maxima. Straight dashed lines on the SRTL
map indicate the selected wavelength for the monochromatic TL curve (horizontal line) and the selected temperature for the isothermal spectrum
of emitted light (vertical line).
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the photogenerated carriers recombine quickly, but some of
them avoid geminate recombination. After the thermalization
process, these charge carriers remain in localized states at some
separation distance. When the sample is warming up, the
trapped charge carriers are being released from traps, at first
from the most shallow traps and then from gradually deeper
ones. If the released charges recombine with an oppositely
charged counterpart, a thermoluminescence signal can be
observed. Occupation and depth of trap states can be inferred
from intensity and position of the TL trace maxima. The
process leading to light generation in TL is similar to
electroluminescence. When the injected holes and electrons
migrate through the device, persistently bound polaron pairs
are formed once the electrostatic attraction between them
exceeds thermal energy. In this limit, charge carriers recombine
following degenerate spin statistics (a singlet/triplet ratio of
1:3).

SRTL maps for studied exciplex blends are presented in
Figures 9, 10, and S18−S20. For all of the films except
NPB:TpBpTa (Figure 10), a broad thermoluminescence (TL)
band (detection at λ = 536 nm) with a maximum at ca. 80 K is
observed (Figures S18−S20). Broad and blurred maxima in TL
spectra are characteristic of disordered materials and are
connected with the broad distribution of the trap states’
energy. The comparison of isothermal spectra of emitted light
recorded at temperatures corresponding to SRTL maxima
(Figures 9c and S18−S20) with time-resolved photolumines-
cence spectra suggests that the radiative recombination centers
are localized on exciplex CT states. Interestingly, a different
shape of the monochromatic TL spectrum was obtained for the
NPB:TpBpTa exciplex (Figure 10). The maximum of this TL
band is shifted to a lower temperature (∼45 K) in comparison
with other exciplexes, pointing at the dominant role of
shallower traps in this system.

The analysis of energy of states of exciplexes in films (local
donor and acceptor singlet and triplet states and intermo-
lecular CT states) combined with the SRTL results allows
concluding that the traps are connected mainly with the CT
states of exciplexes. However, in the case of NPB:TpBpTa, the
comparison of the isothermal spectrum measured at the TL
maximum with the photoluminescence spectra recorded at 80
K after a 70 ms delay time and the phosphorescence spectrum
of pure NPB leads to the conclusion that, for this system, 3LE
states are involved in radiative recombination processes in
thermoluminescence. The difference between the depth of
traps observed in TL spectra of NPB:TpBpTa and
TCTA:TpBpTa can be explained when we consider the
broad energy distribution of the 1CT/3CT exciplex states and
the localization of the 3LE, discussed earlier in the text. We can
assume that in both cases the traps are localized on the lowest
triplet CT states (at the bottom of the CT band) and upon
heating, the trapped charge carriers are released, but in
TCTA:TpBpTa the depth of traps is defined by the width of
the CT energy band, whereas in NPB:TpBpTa the charge
carriers are moved to 3LE of the donor where they recombine
radiatively. The energy difference between the lowest
boundary of CT energy band and the nearest 3LE level for
investigated systems (Table 2) seems to support this
interpretation. It is worth noting that all TL spectra are
broad and for almost all exciplexes a long tail even up to 220 K
can be observed. However, the shape and the maximum
position of isothermal spectra stay unchanged when the
temperature increases. This indicates a broad distribution of

trap energy, which can arise from differences in the local
molecular conformation and the geometry of created
exciplexes.

A comparison between the PL, EL, and the SRTL spectra in
the NPB:TpBpTa exciplex (Figure S21) shows a variety of
recombination states, which take part in radiative recombina-
tion processes. Deactivation of donor triplets results in TL
spectra resembling NPB phosphorescence, while in EL and PL
the intermolecular CT emission dominates. In the
TCTA:TpBpTa (Figure S21) exciplex, CT states play a
dominant role in the radiative recombination in all cases.

■ CONCLUSIONS
We have studied five exciplexes with similar intermolecular CT
energies, and we rationalize their divergent behavior with the
relative energy of the said CT state and the 3LE state of the
donor. Generally speaking, the 3LE state may introduce
additional triplet quenching channels and is most desired to
remain above the CT manifold. At the same time, the 3LE state
is irrelevant for the RISC mechanism as usually there exists
sufficient density of upper CT states with different orbital
geometries for the S1/T1 CT. In this way, 3LE is not necessary
for efficient RISC as it can be mediated by the said upper CT
states.54,55

We were able to rationalize the commonly observed
temporal red shift in time-resolved spectra of exciplexes.
Stronger coupled exciplexes display higher energy (blue-
shifted) CT and a larger S1 → S0 decay rate, contributing
more to prompt fluorescence. Weakly coupled exciplexes show
lower energy (red-shifted) CT and a lower S1 → S0 decay rate,
leading to a larger contribution of ISC, thus contributing more
to the TADF component.

Furthermore, we have investigated trapping/detrapping
phenomena and radiative recombination processes in exciplex
layers by spectrally resolved thermoluminescence (SRTL). The
experiment provides an assumption that the radiative
recombination centers as well as shallow traps are mainly
distributed on exciplex intermolecular CT states.

Finally, we have demonstrated the use of the studied
exciplex blends in proof-of-concept OLEDs. The performance
of OLED devices closely follows their photophysical behavior
with the best result obtained for the TCTA:TpBpTa and
TAPC:TpBpTa blends showing maximum external quantum
efficiencies (EQE) of 8.8% and 7.2%, respectively. The
favorable charge transporting/trapping properties prove the
unique characteristics of exciplexes as exceptional emitters or
hosts in OLEDs.

■ EXPERIMENTAL SECTION
Photophysics. UV−vis absorption spectra of thin films were

recorded on a Cary 5000 (Varian) spectrometer. Steady-state
photoluminescence spectra of samples were performed at room
temperature with an Edinburgh Instruments FLS980 fluorescence
spectrometer (Edinburgh Instruments Ltd., Livingston, UK) with a
Xe lamp as an excitation source and an R-928 photomultiplier
detector. Time-resolved photoluminescence and PL decays were
realized using nanosecond gated luminescence and lifetime measure-
ments (from 400 ps to 1 s) using either third harmonics of a high
energy pulsed Nd:YAG laser emitting at 355 nm (EKSPLA) or a N2
laser emitting at 337 nm. PF/DF time-resolved measurements were
performed by exponentially increasing gate and integration times.56

Temperature-dependent experiments were conducted using a nitro-
gen cryostat (Janis Research). The photoluminescence quantum
yields (PLQY) of thin films in a nitrogen atmosphere were measured
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using a QePro spectrometer (Ocean Optics) coupled with an
integrating sphere (Labsphere) and LED light source (Ocean Optics)
using a method described elsewhere.57 All films for photophysical
studies were deposited from chloroform solutions by drop-cast or
spin-coat with a 1:1 weight ratio of donor and acceptor.

Thick layers (thickness in a 2−3 μm range) of exciplex blends for
spectrally resolved thermoluminescence (SRTL) experiments were
obtained by drop-casting from chloroform solutions onto aluminum
substrates. Then, samples were placed between a thermostatic holder
and sapphire glass in a vacuum chamber (closed-cycle cryogenic
system APD Cryogenics). The SRTL experiment was conducted for
all exciplex blends in the 15−325 K temperature range under a
heating rate of 7 K min−1 after photoexcitation at 15 K by a pulsed
nitrogen laser (λ = 337 nm; PTI, model GL-3300). Thermolumi-
nescence was recorded by a detection system consisting of an optical
collector, optical-fiber cable, a Micro HR Imaging Spectrograph, and a
CCD camera (Horriba Jobin-Yvon). The detailed SRTL experimental
procedure was described previously.58,59

Theoretical Calculations. Initial configurations of donor−
acceptor molecular pairs (donor molecules are NPB, TAPC, TCTA,
TPD, and TPD10, while the acceptor molecule is TpBpTa) were
constructed by the manual approach of molecules by different
interacting sites with intermolecular distances of 3−3.5 Å. For each
donor−acceptor combination, 10 different pair configurations were
constructed and then optimized in ground singlet state (S0) by the
PM6 semiempirical method,60 which works well for predicting the
structure of intermolecular complexes with mixed types of interactions
and requires small computational costs. For each optimized dimer, the
energies of S1 and T1 vertical excited states were calculated using a
time-dependent (TD) density functional theory (DFT) method by
using a ωB97XD range-separated functional61 (ω = 0.05) and 6-
31G(d) basis set.62,63 This approach is somewhat similar to those
used by Kim et al.51 who used molecular dynamic simulations for
predicting initial configurations of donor−acceptor molecular pairs
and then utilized the similar ωB97X/6-31+G(d,p) method (without
dispersion correction)61−64 with ω = 0.05 and the PBF solvation
model for predicting S1 and T1 energies of exciplexes. In our
calculations, we did not use a solvent model and calculated S1 and T1
state energies in a gas phase approximation that corresponds to the
experimental conditions of thin solid film photophysical measure-
ments. All of the calculations were performed using Gaussain 16
software (revision A.03).65

Devices. Electroluminescent devices have been fabricated on
precleaned, patterned indium−tin−oxide (ITO)-coated glass sub-
strates with a sheet resistance of 20 Ω/sq and an ITO thickness of 100
nm (Ossila Ltd., Sheffield, UK). Organic semiconductors have been
purchased from commercial sources (Lumtec, Sigma-Aldrich) and
were purified by temperature-gradient sublimation in a vacuum. All
materials and the cathode layer were thermally deposited in a Kurt J.
Lesker Spectros II evaporation system under a pressure of 10−6 mbar
without breaking the vacuum. The sizes of active pixels were 8 mm2

and 16 mm2. NPB (N,N′-di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphen-
yl)-4,4′-diamine) or TAPC (4,4′-cyclohexylidenebis[N,N-bis(4-
methylphenyl)benzenamine]) were used as a hole injection layer
(HIL). TCTA (tris(4-carbazoyl-9-ylphenyl)amine), TAPC, TPD
(N,N′-bis(3-methylphenyl)-N,N′-diphenylbenzidine), TPD10
(N4,N4′-di(biphenyl-4-yl)-N4,N4′-diphenylbiphenyl-4,4′-diamine)
and NPB were introduced as a hole transport layer (HTL) depending
on the architecture of the devices. TpBpTa:2,4,6-tris(3′-(pyridin-3-
yl)biphenyl-3-yl)-1,3,5-triazine was adopted as a hole blocking layer
(HBL) and electron transport layer (ETL). Lithium fluoride (LiF)
and aluminum were used as the cathode. Organic semiconductors and
aluminum were deposited at a rate of 1 Å s−1, and the LiF layer was
deposited at 0.1 Å s−1. Thicknesses and evaporation rates of deposited
materials were monitored with a crystal microbalance. In the case of
electron donating (D) materials for the exciplex, the following have
been used: TCTA, TAPC, TPD, TPD10, NPB, and electron-
accepting TpBpTa. The active layer was achieved by coevaporating
donor and acceptor materials at the same time with identical rates.
The characteristics of the devices were recorded using a 10 inch

integrating sphere (Labsphere) connected to a source meter unit and
Ocean Optics USB4000 spectrometer in a glovebox.66
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