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Triplet—Polaron-Interaction-Induced Upconversion from Triplet
to Singlet: a Possible Way to Obtain Highly Efficient OLEDs

Ablikim Obolda, Qiming Peng, Chuanyou He, Tian Zhang, Jiajun Ren, Hongwei Ma,

Zhigang Shuai,* and Feng Li*

Since the milestone work of Tang and VanSlyke in 1987,
organic light-emitting diodes (OLEDs) have attracted extensive
attention due to their wide applications in the full color flat-
panel displays and solid-state lighting sources.!! In an OLED,
the singlet to triplet exciton formation ratio is expected to be
1:3, according to the simple spin statistics.”) Generally, only
singlet can radiatively decay, and the triplets which account
for 75% of the total excitons are wasted. Hence, plenty of
studies have been focused on harvesting the triplet excitons.
To realize this goal, phosphorescent materials were developed
and have achieved great success, as they can approach 100%
internal quantum efficiency (IQE) by harvesting both singlet
and triplet excitons.l'>43 However, practically useful phospho-
rescent materials are concentrated to the expensive Ir and Pt
complexes, and satisfactory deep-blue phosphorescent OLEDs
are hardly obtained.! Thus, fluorescent emitters are commonly
used for deep-blue OLEDs.

For harvesting triplet excitons in a fluorescent OLED, tri-
plet-triplet annihilation (TTA) is a feasible method.’! In this
process, one singlet can be generated by consuming two tri-
plets, leading to an up-limit IQE of 62.5%.°“4 Another strategy
to make use of the energy of triplet excitons is converting tri-
plets to singlets by reverse intersystem crossing (RISC) under
the assisting of the environment thermal energy, leading to
the thermally activated delayed fluorescence (TADF).I% To gain
efficient TADF, a small energy gap between singlet and triplet
(AEgy) is required.[®]

Recently, we reported a new kind of OLEDs using electri-
cally neutral nradicals as emitters, wherein the emission
comes from the radiative decay of doublets.”] Because the
transition back of the excited doublet electron to the groud
state is spin-allowed, the transition problem of triplet excitons
is thus circumvented. However, the reported light-emitting
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neutral m-radicals are all red or yellow emitters, there are no
blue light-emitting neutral 7-radicals so far® According to
the European Broadcasting Union (EBU) standard, an excel-
lent blue emitter requires an emission with the Commission
Internationale de I'Eclairage coordinates (CIE ) of (0.15, 0.06).
Whereas, high-performance deep-blue emitters with the CIE
coordinates meet or beyond the EBU standard are rare.’)

In this work, we designed and synthesized two donor—
acceptor (D-A) type molecules, 4-N-[4-(9-phenylcarbazole)]-3,5-
bis(4-diphenylamine)phenyl-4H-1,2,4-triazole  (TPA-TAZ) and
4,4-(9-(4-(1-phenyl-1 H-phenanthro[9,10-d]imidazol-2-yl) phenyl)-
9H-carbazole-3,6-diyl) Dbis-(N,N-diphenylaniline) (TCP), as the
emitters of deep-blue OLEDs. An optimized TPA-TAZ-based
OLED achieves excellent CIE coordinates of (0.158, 0.043) and a
maximum external quantum efficiency (EQE) of 6.8%, which is
the largest value of the undoped OLEDs with CIEy, < 0.06 (the
EBU blue standard) up to now. The singlet formation ratios of
TPA-TAZ and TCP-based OLEDs are both higher than the simple
spin-statistics of 25%. Comprehensive experiments demonstrated
that the triplet-harvesting processes of TTA and TADF are not
dominant in these OLEDs. The extra singlets are attributed to
the triplet—polaron interaction (TPI) induced upconversion from
triplet to singlet according to the experimental and theoretical
results.

The TPA-TAZ was synthesized by Buchwald-Hartwig reac-
tion in moderate yield. The detailed synthesis and some basic
characterization of the material are given in SI-1,2 (Supporting
Information). The photophysical properties of TPA-TAZ are
shown in Figure 1 and Table S1 (Supporting Information).
Figure la shows the molecular structure along with the elec-
tronic structure of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
of TPA-TAZ. The contour plots of the orbitals were calcu-
lated by the density functional theory (DFT) using Gaussian
09 series of programs with the B3LYP hybrid functional and
6-31G(d) basis set.'% As can be seen, the LUMO is localized
on the triazole and the three benzenes surrounding it, while
the HOMO is delocalized on the whole molecule except the
carbazole-attached benzene ring and carbazole unit. The Eyopmo
of —=5.28 eV and Ejyyo of —2.12 eV were obtained by cyclic
voltammetry (CV) measurements (Figure 1b). Figure 1c shows
the absorption (Abs) and photoluminescent (PL) spectra of TPA-
TAZ in THF solution and film state. From the onset of the Abs
spectra, the HOMO to LUMO bandgap is determined to be
3.22 eV (for solution) and 3.16 eV (for film), which are very close
to the value obtained by CV measurements (3.16 eV). The PL of
TPA-TAZ film exhibits deep-blue emission peaking at 428 nm
with a narrow FWHM (full width at half maximum) of 55 nm,

Adv. Mater. 2016, 28, 4740-4746


http://doi.wiley.com/10.1002/adma.201504601

ADVANCED
Make \I.w’§ MATERTALS

www.advmat.de

www.MaterialsViews.com

revealing its potential of deep-blue emitter for
OLEDs. Fluorescence quantum yield (¢p;) of

P hLCJ)I\IC/I(()) TPA-TAZ film was measured to be 75 + 2% in
an integrating sphere, which is a high value
among the deep-blue emission materials.

To evaluate the electroluminescence proper-
ties of TPA-TAZ, OLEDs were fabricated and

a)

&

Current/ a.u.

the structure was optimized to be: I[TO/MoO;
(6 nm)/NPB (30 nm)/TPA-TAZ (20 nm)/TPBi
(50 nm)/LiF (0.8 nm)/Al (100 nm). Here NPB
30 25 05 10 15 (N,N-di-1-naphthyl-N,N’-diphenylbenzidine)
V/vs.Ag/Ag' is the hole transporting layer, and TPBi
(1,3,5-tri(phenyl-2-benzimidazolyl)-benzene)
—PL film acts as the electron transporting layer. The
== Abs. film MoO; and LiF are used to modify the work
----- PL in THF . . .
________ Abs. in THF function of the electrodes for improving
the charge injection. The energy diagram
of the materials used in the OLED is shown
in Figure 2a. As can be seen from inset of
Figure 2b, the EL of the OLED locates in the
deep-blue region with a CIE, of (0.158,
0.043). The EL spectra scarcely change as
300 400 500 600 driving voltages range from 4 to 7 V (Figure S4,
LUMO Wavelength / nm Supporting Information). Figure 2c shows the
current density (J)-voltage (V)-luminance

Figure 1. a) The molecular structure and electronic structures of HOMO and LUMO of TPA- (L) c.haracteristics of the 2LED A'maximum
TAZ; b) The cyclic voltammetry spectrum of TPA-TAZ; c) The Abs and PL spectra of the mol- luminance of 7323 cd m™ is obtained at the
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Figure 2. a) The schematic diagram of the structure of OLEDs and the energy levels of the materials; b) EL spectrum of the OLED, the inset shows
the CIE coordinates of the EL; c) The J-V-L characteristics of the OLED; d) The current efficiency and external quantum efficiency of the OLED as a
function of the luminance.
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be 6.8%, which is the highest value of the undoped OLEDs with
CIE(y) < 0.06 (the EBU blue standard), to the best of our knowl-
edge. Noteworthy, the device exhibits small efficiency roll-off, i.e.,
the EQE remains 79% of the maximum value at the luminance
of 1000 cd m™ and even 66% at the maximum luminance of
7323 c¢d m™. For the device performance of OLEDs with other
structures during the device optimization, please see Figure S5-7
and Table S2 (Supporting Information). We found the device per-
formance is sensitive to the thickness of TPA-TAZ layer.

For a fluorescent OLED, the EQE can be expressed by the
following equation:°"!

D = XsPpr 1 Mow (1)

wherein @ is the EQE, X is the ratio of singlets to the total
excitons, ¢p; is the PL quantum yield of the emitter, 7, is the
fraction of injected charge carriers that form excitons and can
be regarded to be unit in our optimized device, 1, is the light
out-coupling efficiency, which is commonly considered to be
2096-30%. Using the singlet ratio X5 of 25% and ¢p; of 75 + 2%
of TPA-TAZ film, the EQE is calculated to be 3.8 £ 0.1%
to 5.6 £ 0.2%, which is lower than the measured value of
6.3 £ 0.6%. This means there exist extra singlets exceeding the
simple spin-statistics of 25% in our devices. In the first glance,
there may be a portion of singlets converted from triplets via
TADF, TTA, and etc. In the following sections, we carried out
experiments to check these processes.

TADF is a highly efficient tactics for harvesting triplets.
A prerequisite of TADF is the small AEsy, which commonly
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should be smaller than 0.3 eV. Figure 3a shows the fluores-
cence and phosphorescence spectra of TPA-TAZ in THF solu-
tion at 77 K. The first peaks of the two spectra are at 400 and
477 nm, respectively, resulting in a AEsy of 0.5 eV. The rela-
tively large AEsr reveals the low possibility of the occurrence
of TADF. We performed the transient PL decay measurements
using the degassed THF solution and TPA-TAZ film. The
lifetime of film is longer than that of solution, as shown in
Figure 3b. But both the lifetimes of film and solution are much
shorter than the delayed fluorescence of TADF materials.[°®<]
We also performed the transient EL measurements. As shown
in Figure S19 (Supporting Information), TPA-TAZ-based OLED
nearly has no delayed EL compared to the 4CzIPN (a typical
TADF emitter) based device, which has an obvious delayed EL.
The above results indicate that the high singlet ratio of our
TPA-TAZ-based OLEDs is not benefited from TADEF.

TTA is another way for harvesting the triplet. The TTA-
induced delayed fluorescence can be simply expressed as: F =
Krra[TI%, here krry is the rate parameter of TTA, [T]is the popu-
lation density of triplet.’"8 F is proportional to the square of
the triplet population density. Hence, the TTA-induced delayed
fluorescence would be greatly enhanced if the triplet density
increases. We carried out experiments to check the occurrence
of TTA through: i) the PL intensity vs the excitation intensity:
The PL intensity should be linearly proportional to the excita-
tion intensity if there is no TTA. However, if TTA occurs, the
PL intensity would be nonlinearly proportional to the excita-
tion intensity. Figure 3c shows the PL intensity of the TPA-TAZ
film versus the excitation intensity of a pulse laser at 355 nm.

c)
3 10°
L
- Slope = 0.997
=4
2 1075
K]
£
3
i 10
10% 4 ; . .
0.1 1 10 100
Laser Intensity / kW cm?
d) e
10° Decay

0 100 200 300 400 500
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Figure 3. a) The fluorescence and phosphorescence spectra of TPA-TAZ in THF solution measured at 77 K; b) The transient PL decay of TPA-TAZ in
degassed THF solution and film, the inset shows the enlarged time scale; c) The PL intensity of the TPA-TAZ film as a function of the intensity of the
excitation laser; d) The transient PL decay of the TPA-TAZ in THF solution at a temperature of 77 K.
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The PL intensity is linearly increased with the increase of the
excitation intensity, revealing the lack of the TTA. ii) Transient
PL decay under low temperature: The transient PL decay at low
temperature could be used to verify the occurrence of TTA by
detecting the delayed fluorescence. As Figure 3d shows, there is
no delayed fluorescence in the transient PL decay measured at
77 K. iii) Transient EL decay: In Figure S19 (Supporting Infor-
mation), we showed the transient EL decay curves of devices
based on our emitters of TPA-TAZ and a typical TADF emitter
of 4CzIPN. No obvious delayed EL can be observed of TPA-
TAZ-based device compared to the 4CzIPN-based device after
switching off the electrical pulse. From above experiments, we
can confirm that the TTA process is not dominant in TPA-TAZ-
based OLEDs.

Ma et al. reported a series of D—A-type molecules with sin-
glet formation ratio higher than 25%.'11 They attributed the
high singlet ratio to the RISC occurring at the higher-level
excited states, e.g., the RISC from T, to the singlet manifold.

a) 1.6 RV
e 5V
124 4 6V
7V
Q 8V
< 038
(&]
=
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0.04 :A
0 50 100 150 200 250 300
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@ Experimental
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Figure 4. a) The MC versus B at different driving voltages of TPA-TAZ-
based OLED, all the MC can be fitted by the formula of MC =
oB?/(B+B\)*+BB%/(B+By)? the first term is the low-field effect (LFE) and
the second term is the high-field effect (HFE); b) The experimental, fitted,
LFE and HFE curves at 8 V, the fitted parameters «, f3,B, and By are
0.90, 0.99, 5 mT and 100 mT, respectively.
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A prerequisite for efficient RISC of this type is the large
energy gap between T, and T; (>1 eV), leading to the ineffi-
cient interconversion from T, to T; and thus T, is converted to
singlet. However, time-dependent DFT calculation shows that
the energy gap between T, and T; of TPA-TAZ is small (just
0.16 eV) (Figure S8, Supporting Information), which suggests
that the high singlet formation ratio of TPA-TAZ-based OLEDs
does not originate from this process.

Besides TPA-TAZ, we also designed and synthesized another
D-A-type molecule, TCP, for deep-blue OLEDs. Using TCP as
the emitter, a nondoped deep-blue OLED with an excellent CIE
coordinates of (0.156, 0.058) was obtained. The OLED has a very
simple optimized structure of ITO/MoOs (5 nm)/TCP (55 nm)/
TPBI (55 nm)/LiF (0.5 nm)/Al (100 nm). The singlet ratio is
also calculated to be higher than the simple spin-statistics of
25% according to the measured data of EQE and PL quantum
yield of TCP film, and the extra singlets are verified not to ben-
efit from the TTA, TADF, and higher-level RISC processes. The
efficiency of the device also displays a slow roll-off of 26% at
the maximum luminance. The details of synthesis and charac-
terization of TCP and TCP-based OLEDs are given in SII (Sup-
porting Information).

As it has been demonstrated that the TTA, TADF, and higher-
level RISC cannot explain why the singlet formation ratio is
higher than 25% expected by the simple spin-statistics in our
TPA-TAZ- and TCP-based devices, the question is what process
cause the creation of the extra singlets. It has been theoretically
and experimentally investigated that the singlet formation cross
section can be larger than that of triplets in some polymers and
oligomers,["?l and triplet excitons can be converted to singlet
gound state or singlet excitons through TPI process.'*!

The magneto-current (MC) describes the current change
of OLEDs under the application of an external magnetic field
(B), and can be expressed as MC = (Current (B)-Current (0))/
Current (0).17 The TPI process has its own fingerprint MC
profile,™ thus the MC can be used as a feasible tool to verify
the TPI process. We performed the MC measurements of TPA-
TAZ- and TCP-based devices, and the results are shown in
Figure 4 and Figure S18 (Supporting Information), respectively.
We can see that all the experimental data of MC versus B can be
well fitted by the formula of MC = aB?/(B+By)*+3B?/(B+By)>%,
the first term is the low-field effect (LFE) and the second term
is the high-field effect (HFE), the B; and By are set as 5 mT and
100 mT, respectively. The fitted results indicate that there really
exists TPI process in our devices.["”]

In organic photovoltaic devices, the excitons created by
absorption of photons can be dissociated at the interface of bulk
D-A heterojunction,'® and the charges separation efficiency
was found to be remarkably dependent on the donor—acceptor
interaction.'® Both TPA-TAZ and TCP are D-A-type mole-
cules, there exist strong couplings between the electron-donor
and electron-acceptor moieties of neighbor molecules, which
are a little like “intermolecular heterojunction.” It is possible
that the triplet excitons in TPA-TAZ- and TCP-based OLEDs
are dissociated at the “intermolecular heterojunction,” then
the separated charge recombinates with the opposite charge
at the neighbor molecules. That is the “intermolecular hetero-
junction” offers the possibility of converting triplet excitons to
singlet excitons through TPI. Different from the two-electron
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exchange mechanism of TPI proposed in the previous reported
works,!13¢d] here we suggested the one-electron charge-transfer
mechanism of TPI. There are two possible routes, one is triplet-
positive polaron (P*) interaction, the other is triplet-negative
porlaron (P7) interaction, as shown in Figure 5a,b, respec-
tively. For the triplet-P* interaction, the electron can hop from
the electon-acceptor moiety of triplet molecule to the electon-
acceptor moiety of its neighbor P* molecule. If the spin direc-
tion of this electron is opposite to that of the hole at the elec-
tron-donor moiety of P* molecule, the singlet exciton can be
created. The similar process can happen for the triplet-P~ inter-
action, in which the hole hops between the adjacent molecules.

Since the above analysis indicates that the TPI-induced
upconversion from triplet to singlet is possible, one impor-
tant question is where the energy of upconversion comes from
because the AEgry is relatively large (0.5 eV for TPA-TAZ). When
the OLED is working, the bias voltage is applied. After holes
and electrons are injected into the device, they are accelerated
continually by the electrical field inside the device and at the
same time they also collide with the molecules on their way
releasing phonons continually, finally the acceleration and
emitting phonons reach balance. The released phonons can be
absorbed by TPI-induced upconversion. Moreover the electrical
field can also assist the polaron hoping process of TPI-induced
upconversion. That is to say a little more electrical energy is
needed to support TPI-induced upconversion when the OLED
is working. We have the following evidences: i) The maximum
EQEs of TPA-TAZ- and TCP-based devices occur at =4 V,
which is a little higher than their turn-on voltage at around 3 V
(Figure 2 and Figure S13, Supporting Information), while the
maximum EQEs of the general OLEDs always happen at their
turn-on voltages; ii) Since the electrical field inside the device
offers the extra electrical energy to support the TPI-induced

Positive polaron
(P*, hole)

D-A type molecule

$ ord

Negative polaron
(P-, electron)

or §

Mk

www.MaterialsViews.com

upconversion, this process will stop if the bias voltage is
switched off. In our transient electroluminescence (EL) experi-
ment, we really observed that the EL intensity of TPA-TAZ-
and TCP-based devices decay much rapidly compared to that
of a typical TADF emitter-based device after switching off the
electrical pulse (Figure S19, Supporting Information).

From Fermi-Golden rule, two factors determine the
transition rate from initial state to final state, the perturbative
Hamiltonian (or electronic coupling prefactor) and the den-
sity of states arising from the energy conservation. There are
two major differences between the direct T1 to S1 upconver-
sion and our TPI upconversion: i) the electronic coupling of the
former can only be spin-orbit coupling due to spin symmetry
restriction, which is usually diminishingly small, while in TPI
the transition is spin allowed, thus the coupling is simply from
the intermolecular wave function overlap, which is at least two
orders of magnitude higher leading to four orders of mag-
nitude larger in transition rate; ii) in TPI, the free charge of
polaron is subject to external field, while both T1 and S1 are
neutral state, insensitive to the field. Thus, the electric field
can provide an additional driving force for the transition. We
then deduced the TPI rate through the semiclassical Marcus
theory and performed the quantum chemistry computation.
The details are given in the Supporting Information. According
to the deduced electronic coupling formalism (the appendix in
the Supporting Information), we found the coupling of two-
electron exchange mechanism is quite small compared to the
coupling of one-electron hopping mechanism of TPI. There-
fore, we think the proposed one-electron hopping mechanism
in this work is more significant. Figure 6 shows the six possible
charge hopping routes of TPI of TPA-TAZ molecule in crystal.
The details of crystal growth and crystal data can be found in
SI-6 (Supporting Information). Table S6 (Supporting Informa-
tion) gives the theoretical prediction of hole
(electron) hopping rate krpi_ (krpy,) during
the triplet-P~ (triplet-P*) interaction process
at room temperature. The krp. and krpp,
achieve as high as 2.00 x 10° and 3.79 x 10°,
respectively, which can efficiently compete

/a) Triplet

Tape TP

with the nonradiative transition back to the
ground state of triplets.

We notice two recently reported D—A mol-
ecules, PPI-PPITPA and PPI-PPIPCz.'72] No
delayed fluorescence can be observed, but
the singlet ratios of the deep-blue OLEDs
using them as the emitters are much higher
that 25%. We conjecture that there exists the

Triplet

P
\_ T+p —2 Pt s

TPIl-induced conversion from triplet to sin-
glet in their OLEDs. We found the efficiency
roll-offs in our TPA-TAZ, TCP based and the
PPI-PPITPA-, PPI-PPIPCz-based OLEDs are
not serious, which may be one advantage of
the TPI-induced upconversion from triplet
to singlet. We also notice the similar experi-
mental results reported by Kieffer et al. and

Singlet )

Figure 5. Schematic diagram for the TPl-induced conversion from triplet to singlet. a) the TPI
between triplet and positive-charge polaron; b) the TPI between triplet and negative-charge

polaron.
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by Lee et al.[124:170]

Finally, we want to stress that the TPI
mechanism in this work has two distinct
characteristics: i) TPI is a spin-conserving
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Figure 6. Charge hopping routes of the TPI of TPA-TAZ molecule in the
crystal.

process, i.e., the spin-flip does not need; ii) TPI can occur cir-
cularly, that is TPI can continuously convert triplet to singlet,
which may induce much higher singlet ratio in OLEDs.

In summary, we have designed and synthesized two D-A-
type fluorescent molecules, TPA-TAZ and TCP. Using them
as emitters, highly efficient undoped deep blue OLEDs can
be obtained. In particular, a TPA-TAZ-based OLED achieves
an excellent CIE coordinates of (0.158, 0.043), and the max-
imum EQE of this OLED is up to 6.8%, which is the largest
value of the undoped OLEDs with CIE, < 0.06 (the EBU blue
standard) up to date. The singlet formation ratios of the TPA-
TAZ- and TCP-based OLEDs are both higher than the simple
spin-statistics of 25%. Systematical experiments demonstrated
that the triplet-harvesting processes of TTA, TADF and higher-
level RISC are not primary origin in the TPA-TAZ and TCP-
based OLEDs. Instead the TPI-induced upconversion from
triplet to singlet through one-electron transfer mechanism is
proposed and proven by the magneto-current measurement
and quantum chemistry computation. The TPI process does
not need the spin-flip, and the efficiency roll-offs of the OLEDs
based on TPI are not remarkable. Our results may offer a new
way to break through the 25% upper limit of IQE of fluorescent
OLEDs, especially, the deep-blue fluorescent OLEDs.

Experimental Section

Mass spectra and NMR spectra were measured with a Thermo Fisher
ITQ1100 GC-MS spectrometer and Bruker AVANCEIII500 spectrometer,
respectively. Thermal gravimetric analysis (TGA) was carried on the
Pyris1 TGA thermal analysis system at heating rate of 20 °C min~' in
a nitrogen atmosphere. Differential scanning calorimetry (DSC) was
recorded on Netzsch DSC204 instrument at a heating rate of 10 °C min~"
from 20 °C to 400 °C in a nitrogen atmosphere. The CV measurements
were performed using an electrochemical analyzer (CHI660C, CH
Instruments, USA).

For the Abs and PL measurements, the spectra were measured
using a UV-Vis spectrophotometer (Shimadzu UV-2550) and a
spectrofluorophotometer  (Shimadzu RF-5301PC), respectively. For
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the fluorescence decay measurements, an Edinburgh fluorescence
spectrometer (FLS980) was used. The lifetime of the excited states was
measured by time-correlated single photon counting method (detected
at the peak of the PL) under the excitation of a laser (375 nm) with the
pulse width of 50 ps.

The OLEDs were fabricated by the multiple source organic molecular
beam deposition method at the vacuum of 2 x 107 Pa. The current
density—voltage (J-V) characteristics were measured by a Keithley
2400 source meter. The luminance-voltage (L-V) characteristic and the
EL spectrum were measured by a PR650 spectroradiometer. Immediately
after fabrication, the OLEDs were placed on a Teflon stage between the
poles of an electromagnet with the magnetic field perpendicular to the
current. A Keithley2612 sourcemeter was used to provide a constant
voltage from channel A, and channel A also recorded the current
intensity. The measurements were carried out at room temperature
under ambient condition.

CCDC 1419970 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Supporting Information is available from the Wiley Online Library or
from the author.
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