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Abstract

A high singlet energy and triplet energy excipleosthwas developed by synthesizing an
electron transport type host with a controlled Istvenoccupied molecular orbital (LUMO)
level and intermolecular interaction. A diphenyhine derived host was designed by
substituting t-butyl functional moieties to theaten transporting core structure to make the
LUMO shallow for high exciplex emission energy. Axrciplex host with a singlet energy of
3.49 eV and a triplet energy of 3.02 eV was derinmd mixing the t-butyl modified
diphenyltriazine type host with a hole transpompeyhost. The comparison of the newly
developed t-butyl modified host with a previous thwghout the t-butyl group clarified that
the t-butyl group had a singlet and triplet enebgysting effect. A high external quantum
efficiency of 17.3% was demonstrated in the bluesphorescent device using the high

triplet energy exciplex host.
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| ntroduction

An exciplex is a kind of material class which forraa intermolecular charge transfer
complex after excitation by absorbing light. Getigra hole transport type material is mixed
with an electron transport type material to make #xciplex. In the exciplex emission
process, electrons are excited from a ground &iada excited state by light absorption in the
hole transport type material and then the excitedt®ns are transferred to an adjacent
electron transport type material, which radiativelgcays to the ground state of the hole
transport type material. Therefore, the emissioergn of the exciplex is dependent on the
highest occupied molecular orbital (HOMO) of thelehdransport type material and the
lowest unoccupied molecular orbital (LUMO) of thieatron transport type material, and
exciton binding energy between holes and electimtise exciplex'?

The exciplex has been widely used as the host obgitorescent organic light-emitting
diodes (OLEDs) because of high efficiency and lowidg voltage merited by the exciplex
host compared to conventional host. However, th@péex host development was mostly
focused on red and green phosphorescent OPEtsather than blue phosphorescent
OLEDd'*?% pecause it was difficult to increase the singtet &iplet energy of the exciplex
host. Until now, only several high triplet energycmlex hosts compatible with blue triplet
emitters are available. Kido group reported a bé&xeiplex of a carbazole host and
diphenylsulfone ho&f!, Kim group demonstrated a blue exciplex of a cashmhost and a
diphenylphosphine oxide h&st*®, Lee group developed an exciplex of a carbazos od

a diphenylphosphine oxide modified triazine Ff8stand our group explored an exciplex of a
carbazole modified diphenylamine host and a dipheagine host”. Other than these, no
blue exciplex has been described in the literatliteerefore, it is essential to develop an

exciplex for use in blue organic light-emitting des.



In this work, a design approach to increase thglairand triplet energy of an exciplex host
was explored by synthesizing a diphenyltriazinestgtectron transport type host which has
an adjusted energy level and steric hindranceifgr énergy exciplex formation by sterically
hindered t-butyl modification. It was describedttiiae exciplex derived using the t-butyl
modified diphenyltriazine type host enabled energysfer from the exciplex host to blue

emitters and harvested singlet and triplet excitbrtdue emitters.

Results and discussion

The electron transport type host designed for Bighlet and triplet energy was 2,8-bis(4,6-
bis(3,5-di-tert-butylphenyl)-1,3,5-triazin-2-yl)ddbzo[b,d]furan (DBFtTrz) which has a
dibenzofuran core structure, triazine electron dpamt unit, and a t-butyl modified phenyl
unit surrounding the triazine unit. DBFtTrz was felient from a previous 2,8-bis(4,6-
diphenyl-1,3,5-triazin-2-yl)dibenzo[b,d]furan (DBEA* host in that two t-butyl units were
substituted at 3 and 5 positions of phenyl unithe diphenyltriazine moiety. The role of the
t-butyl units would be to shift the LUMO level o host due to the electron donating
function of the t-butyl unit and to interrupt inteolecular interaction by protecting aromatic
building blocks. The shifted LUMO level would inase the emission energy of the exciplex
host by enlarging HOMO-LUMO offset and the suppeessitermolecular interaction may
have the same effect on the emission energy bydsitig exciton binding energy.

The synthesis of DBFtTrz was carried out by Suzetupling reaction between 2,8-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yljehizop,d]furan and 2-chloro-4,6-bis(3,5-
di-tert-butylphenyl)-1,3,5-triazine prepared by @rard reaction of 1,3-di-tert-butyl-5-
chlorobenzene and cyanuric chloride. The syntresieme of DBFtTrz is shown Bcheme

1. Recrystallization and column chromatography peatfon of the crude product provided a



pure product at a production yield of 81% and vacwaublimation produced a highly pure
final product.

Ultraviolet-visible (UV-vis) absorption and photohinescence (PL) emission behaviors
of DBFtTrz were measured for basic photophysicahlysis. Figure 1 shows UV-vis
absorption spectra, fluorescence at room temperaand phosphorescence at 77 K. The
phosphorescence was observed from 426 nm andphet gnergy was 2.91 eV from the first
phosphorescence peak. Peak position of fluoresoease387 nm, which corresponded to a
singlet energy of 3.20 eV. UV-vis absorption spe&stimated the HOMO-LUMO gap from
the edge of the absorption spectra. The HOMO-LUMAP gf the DBFtTrz was 3.59 eV.
Energy levels of DBFtTrz were determined from th@MO gathered from electrochemical
cyclic voltammetry (CV) measurement and UV-vis apsion gap. The UV-vis and CV data
of DBFtTrz offered the HOMO/LUMO of -6.59/-3.00 eWhich was relatively shallow
compare to -6.64/-3.07 eV of DBFTrz without theutyp blocking groups. The t-butyl
blocking groups made the energy level shallow dueléctron donating character of the t-
butyl functional group. Therefore, the DBFtTrz wdwgenerate high energy exciplex as an
electron transport type host compared to DBFTrabse the HOMO-LUMO offset between
two hosts in the exciplex would be increased.

As the DBFtTrz host was designed as an electraorspi@t type host for exciplex host, it
was mixed with a hole transport type 9,10-Dihyd®-8imethyl-10- (9-phenyl-9H-carbazol-
3-yl)-acridine (PCZACY® host to develop a high emission energy exciplene Exciplex
emission of PCZAC:DBFtTrz host was compared witht tf PCZAC:DBFTrz to understand
the effect of t-butyl modification on the excipleemission energy. Fluorescence and
phosphorescence spectra of PCZAC:DBFtTrz and PCRBETrz are shown in Figure 2.
The fluorescence spectra of each material inclui¢lde exciplexes were added in Figure S1

in supporting information. Singlet energy and &ipenergy were obtained from the onset



wavelength of the PL spectra at room temperatluergscence) and 77 k (phosphorescence).
Overall, the onset wavelength of the PL spectra slafied to short wavelength in the
PCZAC:DBFtTrz exciplex. Singlet energy/triplet eggrvalues of PCZAC:DBFtTrz and
PCZAC:DBFTrz were 3.05/2.98 eV and 2.95/2.95 e¢pestively. Both singlet energy and
triplet energy of the exciplex were increased bypithg the t-butyl modified DBFtTrz host
instead of DBFTrz host. This can be correlated witle HOMO-LUMO offset and
geometrical structure of the exciplex. The HOMO-LOMffset of the exciplex is increased
by the LUMO level shift in the DBFtTrz, which le&nl large emission energy in the exciplex.
In addition, the geometrical structure separathgdromatic units of PCZAC and DBFtTrz
weakens the binding of two molecules, which de@sabe exciton binding energy and
increases the emission energy.

Molecular dynamics (MD) simulation was conductedhwPCZAC: DBFTrz and PCZAC:
DBFtTrz. After performing a MD simulation with a loig structure consisting of two hosts,
the trajectory distribution was visualized by DFlaulation. MD and DFT simulation results
are shown in Figure 3. With the introduction of tHeutyl group, the distance between the
HOMO dominant unit (acridine) of the donor formitige two exciplexes and the LUMO
dominant unit (triazine) of the acceptor was a#ectThe distance between the acridine and
triazine of PCZAC: DBFTrz was 3.74 A, while thatBCZAC: DBFtTrz was 4.54 A. This
result suggests that the t-butyl group reducesattractive interaction between the two host
molecules constituting the exciplex, reduces theiter binding of the exciplex and then
shifts the emission wavelength to a short wavelengt

The singlet and triplet energy boosting effect-butyl modified DBFtTrz was validated by
monitoring the emission spectrum of blue emittepatb exciplex. A common fluorescent
emitter, TBPe, was a blue emitter to study the teomnergy transfer from the exciplex to the

fluorescent emitter. The emission spectrum of the lemitter doped PCZAC:DBFtTrz and



PCZAC:DBFTrz exciplexes is shown in Figure 4. Itisar from the emission spectrum that
the emission of the TBPe doped PCZAC:DBFTrz is geahiemission of exciplex and TBPe
due to incomplete energy transfer, while that oP€Rloped PCZAC:DBFtTrz reflects TBPe
emission due to efficient energy transfer. As tinglst energy of the PCZAC:DBFtTrz was
higher than that of PCZAC:DBFTrz, the energy trangfom the exciplex host to the blue
emitter was efficient in the DBFtTrz based exciplex

The effect of the increased triplet energy in thBFDIrz derived exciplex was confirmed
using tris(4-carbazoyl9-ylphenyl)amine (TCTA):DBFtTexciplex. TCTA:DBFTrz was a
reference exciplex and fac-tris(3-(1-(2,6-diisopiphenyl)-1H-imidazol-2-
yhbenzonitrile)Iridium (Ir(CNpi}) was a blue phosphorescent emitter to examineftieet

of DBFtTrz. Emission spectra of the Ir(CNpgoped TCTA:DBFtTrz and TCTA:DBFTrz
exciplexes are shown in Figure 5. As can be expdoten the emission spectra, the emission
of the Ir(CNpi} doped TCTA:DBFtTrz is a pure emission of the plmspscent emitter, but
that of the Ir(CNpi doped TCTA:DBFTrz is a mixture of exciplex emissiand Ir(CNpi}
emission, indicating incomplete energy transfemmfrthe TCTA:DBFTrz exciplex to the
Ir(CNpi); emitter due to low triplet energy (2.90 eV at dnemergy¥>. This was also
confirmed by the emission spectra of the TCTA:DBEF(CNpi); and
TCTA:DBFtTrz:Ir(CNpi); devices in Figure S2. Pure Ir(CNp@mission was observed in the
TCTA:DBFtTrz:Ir(CNpi); device, but complex emission of exciplex and IrfQMN was
detected in the TCTA:DBFTrz:Ir(CNpi)device. The efficiency was also reduced by the
incomplete energy transfer. The low triplet energgsue was overcome in the
TCTA:DBFtTrz exciplex, which incurred pure Ir(CNpigmission by energy transfer. The
singlet energyl/triplet energy values of the TCTABz and TCTA:DBFtTrz were
2.95/2.81 eV and 3.17/2.92 eV, respectively. Thaglst energy and triplet energy of the

exciplexes are summarized in Table S1 in suppontifaymation.



Encouraged by the complete triplet energy transten the DBFtTrz derived exciplex to a
blue phosphorescent emitter, blue phosphoresceBiDSIlwere developed using high triplet
energy exciplex hosts. Two exciplexes with the DBEtplatform, TCTA:DBFtTrz and 3,5-
di(9H-carbazol-9-yl)- N,N-diphenylaniline (DCDPA)BFtTrz, were applied as the hosts of
Ir(CNpi)s. The singlet energy/triplet energy values of theCTA:DBFtTrz and
DCDPA:DBFtTrz exciplexes were 3.17/2.92 eV and B4® eV, respectively, as projected
from the fluorescence and phosphorescence spectfeggure 6. The emission energy was
relatively high in the DCDPA:DBFtTrz exciplex. Theo exciplexes showed rather large
singlet energy-triplet energy splitting possiblyedo weak binding of the two materials in the
exciplexes, suggesting that they are not thermalltivated delayed fluorescence type
exciplexes. All PL spectra of the exciplexes arevahin Figure S3.

Device analysis data of the exciplex host based phosphorescent OLEDs are summarized
in Figure 7. The current density (J) of the excipievice was high in the TCTA:DBFtTrz
device because of better hole injection propertf ©TA than that of DCDPA as predicted
from the energy level diagram in Figure 7 (a). Loamce (L) of the device also showed the
same trend.

External quantum efficiency (EQE) data of the eboipdevices are shown in Figure 7 (c).
The maximum EQEs of the exciplex devices were 12aB%h 17.3% in the TCTA:DBFtTrz
and DCDPA:DBFtTrz devices, respectively. At 1,000n?, the EQEs were 9.1% and 12.0%
in the TCTA:DBFtTrz and DCDPA:DBFtTrz devices, respvely. The EQE was rather high
in the DCDPA:DBFtTrz exciplex device due to highplet energy harvesting all triplet
excitons of Ir(CNpi. This can be confirmed by the relatively low PLagtum vyield of the
Ir(CNpi); doped TCTA: DBFtTrz (0.42) compared to that of tH€Npi); doped DCDPA:
DBFtTrz (0.53). Moreover, balanced carrier densitythe DCDPA:DBFtTrz device also

contributed the relatively high EQE in the DCDPA:BEBrz device.



Device emission spectra at a luminance of 1,00ttdfe presented in Figure 7 (d). Exactly
the same spectra were observed in the two excgeeices because of energy transfer. The
color coordinates of the Ir(CNpiJdoped TCTA:DBFtTrz and DCDPA:DBFtTrz devices
were (0.16,0.24) and (0.15,0.23). The PL and EL sesimn spectra of the
DCDPA:DBFtTrz:Ir(CNpi} were quite similar as shown in Figure S4. Tabkufhmarized

the device results of the blue phosphorescent OLEDs

Conclusions

A singlet and triplet energy boosting host in theiplex, DBFtTrz, was synthesized and
emission behavior as the exciplex and the hosthénlilue phosphorescent OLEDs was
investigated. The DBFtTrz based exciplex showedhdriginglet and triplet energy than a
similarly designed DBFTrz by the t-butyl functionahit and performed well as the electron
transport type host in the exciplex host. Thereftire t-butyl functional group based electron
transport type host design would be useful to dgvdligh energy exciplex host for blue

OLEDs.

Experimental

General information

Cyanuric chloride and 1-bromo-3,5-di-tert-butylbene were purchased from TCI. Co. Mg
turning was purchased from Sigma-Aldrich, Inc. akis(triphenylphosphine)palladium(0)
(Pd(pph)4) was purchased from Sunfine global Co. Ltd. Diohioethane (MC) for high
performance liquid chromatography and potassiurharate (KCOs) were purchased from
Duksan Sci. Co. Tetrahydrofuran (THF) was purchagech Samchun pure chemical Co.

Ltd and distilled with sodium and calcium hydride.



The ultraviolet- visible (UV-Vis) spectra were maesd to analyze absorption of compounds
using a sample dissolved in refined THF. The photmhescence (PL) was measured to
analyze PL spectra of compounds dissolved in rdfifeHF. Low temperature PL
measurement was carried out at 77 k to measutettdpergy of compounds. The and*3C
nuclear magnetic resonance (NMR) spectra were dedoto identify the compounds.
Samples were dissolved in deuterated dimethyl =idéo(DMSO-@) for *H and**C NMR
measurement. The mass data were recorded by ldquimmatography-mass spectrometer

(LC-MS) to measure the molecular weight of compaund

Synthesis

2-Chloro-4,6-bis(3,5-di-tert-butylphenyl)-1,3,5-triazine (1)
2-Chloro-4,6-bis(3,5-di-tert-butylphenyl)-1,3,5dzine was synthesized according to the
synthetic method of 2-chloro-4,6-bis(3,5-di-tertydphenyl)-1,3,5-triaziné* using 8.00 g
(35.6 mmol) of 1-bromo-3,5-di-tert-butylbenzene.rifeation by column chromatography
(dichloromethane : n-hexane (1:4)) and drying aléar a white powder as a product (8.13 g,

72 % yield).

2,8-Bis(4,4,5,5-tetramethyl-1,3,2-dioxabor olan-2-yl)dibenzo[b,d]furan (2)

2,8-Diboronic ester dibenzofuran was synthesizecbraling to the synthetic method of
previous researth. Crude product was purified by column chromatobyap
(dichloromethane:n-haxane (1:4) and complete drgffigrded a white product (12.2 g, 64.4%

yield).



2,8-Bis(4,6-bis(3,5-di-tert-butylphenyl)-1,3,5-triazin-2-yl)dibenzo[b,d]furan (DBFtTrz)
Compoundl (4.92 g, 10.0 mmol), Comporizi(2.0 g, 4.8 mmol), Pd(pgh (0.17 g, 0.144
mmol) and KCO; (2.0 g, 14.4 mmol) were stirred in a two-neck rddoottomed flask filled
with THF (100 ml) under a nitrogen atmosphere. Botution was refluxed overnight.
Cooling of the mixture followed by extraction usidgchloromethane and distilled water,
separation of the dichloromethane layer, and ewjoor of the solvent afforded a crude
product. Crude product was purified by column chargraphy (dichloromethane:n-haxane
(1:2)) and vacuum sublimation, yielding a white gwot (4.2 g, 81% vyield) with a purity of

99.5% from high performance column chromatograpiahssis.

'H NMR (500 MHz, dimethylsulfoxided): & 9.324 (s, 2H), 8.964-8.943 (d, 2H, J=10.5 Hz),
8.682 (s, 8H), 7.855-7.837 (d, 2H, J=9.0 Hz), 7.7214H), 1.468 (s, 72H}*C NMR (125
MHz, dimethylsulfoxide-g): §172.50, 172.41, 159.66, 151.44, 135.88, 132.82,.7729

127.12, 124.86, 123.36, 122.28, 112.27, MS (API2:11080.5 [(M + H}.

Molecular dynamics simulations

The MD simulation and minimization process to irtigege the geometry between the two
molecules was performed using the desmond toottanghguar tool, which are the edodes of
the schrodinger material science suite. In additiequilibration simulations are performed
on the NPT ensemble via the Nose-Hoover chain laadtartyna-Tobias-Klein method. The
simulation box was set as a buffer with a boundiisgance of 10 A and cut-off when it

exceeded.

Device fabrication and char acterization



All organic materials except for poly(3,4-ethyleregithiophene):poly (styrene sulfonate
(PEDOT: PSS) used in OLED devices were vacuum dieyiost a pressure of 1.0 x 1Torr.
The device structure is indium tin oxide (50 nm)PEDOT:PSS (40 nm)/1,1-bis(4-
bis(4methylphenyl)aminophenyl)-cyclohexane (TAPC) 20( nm)/ 1,3-bis(N-
carbazolyl)benzene (MCP) (10 nm)/ exciplex hogGNipi)3 (30 nm:5 wt%)/diphenyl-4-
triphenylsilylphenyl-phosphine oxide (TSPO1) (5 #ty3,5-tris(1-phenyl-1Hbenzimidazol-
2-yl)benzene (TPBI) (30 nm)/LiF (1 nm)/Al (200 nnThe ratio of the two hosts constituting
the exciplex was 50:50. Chemical structures ofrttegerials are displayed in Figure S5 in
supporting information. Electrical and optical aysé was performed using a Keithley 2400

source measurement tool and a CS2000 spectroraidiome
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Table 1. Summary of the device results of the pluesphorescent OLEDSs.

Driving Voltage ~ QE*  QE,,,, . -
TCTA:DBFtTrz 5.5 9.1 12.3 0.16 0.24
DCDPA:DBFtTrz 5.9 12.0 17.3 0.15 0.23

QE: external quantum efficiency
2
* : Data at a luminance of 1000 cd/m
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Table S1. Summary of photophysical properties of exciplexes

AL peak (NM) Si(eV)  Ti(eV)
PCZAC:DBFTrz 483 2.95 2.95
PCZAC:DBFtTrz 469 3.05 2.98
TCTA:DBFTrz 505 2.95 2.81
TCTA:DBFtTrz 477 3.17 2.92
DCDPA:DBFtTrz 409 3.49 3.02

* Singlet energy and triplet energy were calculaiadhe basis of spectrum onset.
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High triplet energy exciplex for blue phosphorescent organic light-emitting diodes

High triplet energy over 3.0 €V in the exciplex by managing the intermolecular
interaction

Triplet energy boosting effect by t-butyl substituent in the electron transport type host



