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Host: 2,6-PFCzPy Glass Substrate

The first 2,6-bis(N-carbazolyl)-pyridine-based caupd with
large steric hindrance was employed as host foe QIADF
OLEDs with stable EL spectrum under different drtyvoltages

at doping concentration as high as 30%.
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Bulky 9-phenylfluorene fuctionalized 2,6-bis(N-carbazolyl)-
pyridine with high triplet energy level as host for blue

thermally activated delayed fluorescence devices

Abstract: A new 9-phenylfluorene fuctionalized
2,6-bis(N-carbazolyl)-pyridine compound 2,6-bis@phenyl-fluoren-
9-yl)-carbazol-9-yl)pyridine 4,6-PFCzPy) with large steric hindrance
and high triplet energy level has been successfpligpared by
introducing 3-(9-phenyl-fluoren-9-yl)-carbazole umto the 2,6-position
of pyridine group via Ullmann reaction. Cyclic vatbhmetry (CV) was
used to study the electrochemical properties ofctimapound and obtain
HOMO (-5.85 eV), LUMO (-2.09 eV), and energy gag, (57 eV). The
2,6-CzPy-based compound was employed as host tocdsbd blue
thermally activated delayed fluorescence (TADF)anig light-emitting
diodes (OLEDSs) for the first time with the maximE®Es of 6.2% at the
doping concentration as high as 30%. The electriolescent (EL)
spectra show almost no changes along with themndyivbltage ranging
from 5.1 to 15.1 V at high doping concentration,ickhindicates the
2,6-CzPy-based three dimensional bulky compounddceuccessfully

suppress the excimer emission of the guest in d¢hagiing ratio.

Key words: Host, 2,6-bis(N-carbazolyl)-pyridine, steric hradce,



thermally activated delayed fluorescence

1. Introduction

Organic light-emitting diodes (OLEDs) have develdpapidly in the
light of both organic semiconductors and devicémetogies in academic
and industry in the past three decades since thevative discovery
reported by Tang and VanSlyke in 1987 [1], becaafstheir particular
advantages such as low cost, light weight, ultrannér, low
driving-voltage, flexibility and fast response ihet application of flat
panel display and solid-state lightings [2-3]. Despthe successful
application of high-efficient phosphorescent orgdight-emitting diodes
(PhOLEDs) due to their nearly 100% theoretical nmd quantum
efficienciesvia harvesting both triplet and singlet excitons cdubg
spin-coupling [4], high cost and rarely global nesies of scarce metals
restrict their commercial application in OLEDs [b-Moreover, the
phosphor emitters often encounter instability iagbical applications for
full-color display and solid-state lighting [8]. @&refore, metal-free
emitters with high efficiency are vital for reahg high-efficient and
inexpensive device in large scale production antchraercialization.
According to this point of view, purely organic thelly activated
delayed fluorescence (TADF) metal-free luminophoegs the most

prospective candidates due to their ability of up@sting the lowest



triplet (T,) excitons to the lowest singlet-state,)(Shrough reverse
intersystem crossing (RISC), thus generating ide@0% IQE [9].
However, TADF emitters are similar to phosphor Inophores that often
suffer self-quenching and triplet-triplet (TT) ahiation in solid-state at
high concentration [10]. Consequently, TADF dyes also necessary to
be dispersed into a suitable host matrix to contrdermolecular
interactions for avoiding the de-excitation patha/ésuch as triplet-triplet
annihilation and/or concentration quenching) of ssn excitations,
which could greatly enhance the device performdhtel3]. Moreover,
the singlet excitations with microsecond and/orlisgtond liftimes are
prospectively discovered due to part of them oatgd from the triplet
state, which often leads to the fast decay of @ewfficiency at high
current density [14]. Thus, it is urgent to expleseellent host materials
for TADF emitters, especially for blue-emitting des.

On the other hand, the host should possess hgtierhsinglet and
triplet states than the singlet states of the TAdDhitters due to all the
emissive excitons of the TADF emitters derived frtmair singlet state
[15]. Otherwise the excitonic energy of TADF emitteould
exothermically transfer to the host [14]. In theeaf blue TADF devices,
it is a great challenge to realize a host with highabove 2.8 eV to
ensure energy effectively transfer from host toeblWADF emitter. In

pursuit of this requirement, tieconjugation extent of the host should be



minimized by meta-/ortho-lingkage, sparbon, other insulating linkages
(such as triarylphosphine and tetraaryl silaneyléstroyn conjugation
[16]. For example, Yeet al. manifested that the host materials of
fluorene-coupled »-A type molecules with high triplet energy levels
(T, > 2.80 eV) could obtain the maximum EQEs of 17%];[ivhile Xu
and his group reported a series dibenzothiophene-based phosphine
oxide as host materials through ortho- and/or mekage for blue TADF
OLEDs with maximum EQEs and PE (power efficiency/)2&.6% and
33.7 Im W' [17]. Huang and Tao demonstrated a series of
carbazole/pyridine hybrids by one-step approach vattho- and/or
meta-linkage to achieve triplet energy level, (¥ 2.90 eV), using
2,6-bis(N-carbazolyl)pyridine (2,6-CzPy) and 2,4GN-
carbazolyl)pyridine (2,4,6-CzPy) as hosts with thaximum EQEs of
18.0% for blue PhOLEDs [18]. Although both of thenthesis method
and molecular structure of 2,6-CzPy is conveniemd aimple owning
high T;, which has been successfully used as host forpgeginomance of
PhOLEDs [18], the 2,6-CzPy and/or 2,6-CzPy-basempounds have
seldom been employed as host for TADF OLEDs [18ajecially for
blue TADF OLEDs. Therefore, it is prospective totab high
performance devices with low cost by exploring €fRy-based
compounds as hosts for blue TADF OLEDs due toingpke synthesis

method and molecular structure as well as highle planar molecular



configuration of 2,6-CzPy can construct ordered aonthpact packing
due to short intermolecular distance, which can rmatppress
concentration quenching and triplet-triplet anr@hdn of guest at high
doping ratio. In addition, the low morphologicadlsility of 2,6-CzPy (T,

75 °C) would impair the performance of device [18]. Wéfere, the
research of 2,6-CzPy-based novel hosts with bul&gicshindrance and
stable morphology is anticipated to inhibit concatibn quenching and
triplet-triplet annihilation of guest in solid stafor high performance
device. One of the effective methods is design aydthesis of
2,6-CzPy-based compounds with bulky 9-arylfluoreal8noiety (AFM)

to solve this problem, which is available for gamdubility, high thermal
and morphological stability, controllable intermoldar interaction and
promising carrier transport ability [19b]. Hereifi;phenylfluoren-9-ol
moiety (PFM) has been introduced into 2,6-CzRythe sp-hybridized
carbon linkage by Friedel-Crafts reaction to enkeaits thermal and
morphological stability, which is demonstrated B@A (T4, 334°C) and
DSC curves (No detectable melting point and glesssttion temperature
ranging from 4@o 150°C) with the desirable thermal and morphological
stability. Meanwhile, the Spatom lingkage between PFM and 2,6-CzPy
limits thexr-conjugation in the whole molecule retaining high(4.83 eV)
and controllable electrochemical properties, wiiak been demonstrated

by the density functional theory (DFT) calculatioasd triplet energy



levels of 2,6-CzPy and2,6-PFCzPy [18]. The novel compound
2,6-bis(3-(9-phenyl-fluoren-9-yl)-carbazol-9-yDpgine  2,6-PFCzPy)
with 3D bulky steric hindrance is used as hostiloe TADF OLEDs for

the first time.

2. Experimental Section
2.1 Materials and Methods

All chemical reagents and solvents were bought fiilan Polymer
Light Technology Corp or Alfa Aesar and used disegtithout further
purification. 3-(9-Phenyl-fluoren-9-yl)-carbazol®HCz) was prepared
according to the facile synthesis of complicate®-darylfluorenes
reported by Xie and Huang [20]. The reaction wagiead out under
nitrogen atmosphereH and *C NMR spectra were recorded on a
JNM-ECS 600 and 150 MHz spectrometer, respectivalydeuterated
chloroform relative to tetramethylsilane as intérnatandard.
MALDI-TOF MS spectrum was executed on a reflectimede. The
ultraviolet-visible (UV-vis) absorption spectra westudied by using a
Shimadzu UV-3600. The photoluminescence (PL) spegére measured
in frozen dichloromethane at 77 k with EdinburghSF220 fluorescence.
Cyclic voltammetric measurements (CVs) were peréanby using a
traditional three-electrode construction and an ctedehemical

workstation (CHI660C, China) by a glass carbon wuagkelectrode



dripped with thin film of2,6-PFCzPy, a Pt wire counter electrode, a
reference electrode (Ag/Agreferenced against ferrocene/ferrocenium
(FOC)) in degassed acetonitrile solution with 0.dl-i0* of Bu,NPF; at
room temperature. The HOMO, LUMO, and HOMO-LUMO mjyegap
(Eg) of the compound were calcuated with ferrocendHE¢ 0.03 V)
according to the formulas: HOMO = & E(Fc/Fé) + 4.8] eV, LUMO

= -[Eeq - E(Fc/FE) + 4.8] eV, where oxidation potential is set a8-¥
against zero vacuum level referenced to the ferao®ferrocene using
ferrocene as internal standard [21a]. Thermograwimanalysis (TGA)
and differential scanning calorimetry (DSC) curvesre performed on a
Perkin EImer DSC 8500 unit and a TA Q2000 instrutmesspectively,
under nitrogen flow at a heating rate of 40 min'. The molecular
structure optimization and electronic propertiestted compound were
performed by density functional theory (DFT) ca#tidns with Gaussian
09 program package at B3LYP/6-31G (d, p) levelbj2land the
corresponding HOMO and LUMO spatial distributionserer also
obtainedVibrational frequency analysis was also performethe level
of theory. This result showed that the optimizedatire corresponded to

a minimum of potential energy surface with no inmagy frequency.

2.2 Synthesis of 2,6-bis(3- (9-phenyl-fluoren-9-yl)4sarzol-9-yl)pyridine

(2,6-PFCzPy)



2,6-Dibromopyridine (0.24 g, 1 mmol), 3-(9-phenildren-9-yl)-
carbazole (1.02 g, 2.5 mmol), potassium carbor@d#5(g, 25 mmol),
cuprous iodide (0.05 g, 0.25 mmol) and 18-crowi®-63 g, 0.13 mmol)
and 50 mL 1,2-dichlorobenzene were added succégsintd a dry
three-necked flask under nitrogen atmosphere aral dwm light and
refluxed for 24h. After cooling to room temperatutbe solvent was
removed by decompressing distillation around 1@0The residue was
washed by water and extracted with LLH for several times. The
organic phase was collected and dried by anhydNadSO,. Then, the
organic solution was condensed by a rotary evaijporapparatus under
reducing pressure and purified by column chromatpolgy on silica gel
with the eluents of ethyl acetate and petroleunerefhatio of volume,
8:1) to obtain white powder; yield: 44%. LC-MS (Ehz 890.3537 [M];
'H NMR (600 MHz, CDCJ, ppm):é 8.03 (t,J = 7.80 Hz, 1H), 7.91 (1]
= 7.50 Hz, 4H), 7.87 (dl = 2.10 Hz, 2H), 7.82 (dl = 8.50 Hz, 2H), 7.78
(d,J = 7.80 Hz, 4H), 7.53 (dl = 7.80 Hz, 2H), 7.46 (d} = 7.80 Hz, 4H),
7.35 (t,J = 7.80 Hz, 4H), 7.32 (] = 8.40 Hz, 2H), 7.26 (m, 10H), 7.21
(m, 8H)."*C NMR (150 MHz, CDGJ): ¢ (ppm) 151.75, 151.54, 146.52,
140.41, 140.18, 139.73, 139.03, 138.35, 128.28,7/82127.52, 127.14,
126.68, 126.34, 124.51, 124.40, 121.16, 120.27,3271914.72, 112.06,

111.73.



3. Results and discussions
3.1 Synthesis and thermal stability

The molecular structure and synthetic route of Bs§3-(9-phenyl-
fluoren-9-yl)-carbazol-9-yl)pyridine 2(6-PFCzPy) are displayed in
Scheme 1. The raw material 3-(9-phenyl-fluoren-9-yl)-carbbkez (PFCz)
was synthesized by the previous work reported k& a6d Huang [20].
The product2,6-PFCzPy was prepared by introducing two bulky PFCz
units into the 2,6-position of pyridine moietya Ullmann reaction under
nitrogen ambience and avoiding light. Two PFCz sumrere linkaged at
the 2,6-position of pyridine moiety to ensure tighhT; (2.83 eV) of the
compound, and the bukyl 9-phenyl-fluoren-9-yl is donstruct steric
hindrance. It is noteworthy that most host matseradlcarbazole/pyridine
hybrides are derived from 2,6-CzPy just with diffietr linkage position or
midified with distinct groups, whereas the carbegwmjridine hybrides
with 3D steric hindrance effects have rarely besported. The chemical
structure of the compound is fully characterizedHyNMR, *C NMR,
LC-MS, which has good solubility in common solvesi€h as, Dimethyl
sulfoxide, N,N-dimethylformamide, Dichlorometharemnd Chloroform,
et al. The compound shows good thermal stabiligy i& proved through
its high decomposition temperaturey,(B34 °C; corresponding to 5%
weight loss) characterized by thermogravimetricveufig. 1a), which

shows higher thermal stability than that of 2,6-€z# probably due to



the increased molecular weight [18]. The glasssiteom temperature was
determined through differential scanning calorimetvhich exhibited no
detectable crystallization and glass transition noineena in the heat
ranging from 40 to 150 °CF{(g. 1b). Compared to the glass temperature
of 2,6-CzPy (T, 75 °C), the enhanced glass temperaturg ®PFCzPy

Is probably ascribed to the twisted 3D bulky stérmdrance effect.
3.2 Optical properties

The photophysical properties of tH#6-PFCzPy were elaborately
studied by ultraviolet-visible (UV-vis) absorpti@amd photoluminescence
(PL) measurements in diluent dichloromethane (DGMutuion at room
temperaturgFig. 2). As can be sednom Fig. 2, 2,6-PFCzPy displays
five main absorption peaks at about 231, 240, 36R,and 350 nm. The
strongest absorption peak around 231 nm could bebad to ther-7*
transition of phenyl unit; The middle absorptiomds around 240, 252
and 300 nm are assigned to the ihe* transition of pyridine, fluorene
and carbazole, respectively. The weakest absorpegak around 340 nm
is belonged to the n* transition of carbazole moiety. In order to e\atki
the potential appliaction o2,6-PFCzPy as host material for TADF
OLEDs, the phosphorescent spectrum was measuredfrapen
dichloromethane. The;T(2.83 eV) of the compound was obtained from
the highest-energy vibronic subband of phosphorgsspectrum Kig.

S1), which was higher than the general triplet endeyel (2.80 eV) of



blue TADF emitters to restrict the triplet excitomsthe emitting layer
[15]. This indicates2,6-PFCzPy can be used as host for blue TADF
OLEDs. The singlet energy level (S3.47 eV) is calculated by the
threshold value of absorption spectrum in DCM sohyt while the
energy gap AEsy) is obtained from the difference betweep and S

(0.64 eV).
3.3 The frontier orbital and electrochemical propertéshe compound

DFT calculation was carried out to further underdtéhe structure and
molecular orbitals (MOs) of the compound. As shommnTable 1,
although 2,6-CzPy was functionalized with bukyl RFG@he highest
occupied molecular orbital (HOMO, -5.36 eV) is Istibcated on
carbazole moiety with slightly extended on parpwfidyl group, whereas
the lowest unoccupied molecular orbital (LUMO, -1.8V) is mainly
distributed on the pyridyl group. The HOMO and LUMergy levels
are almost no change compared to the corresporehegy levels of
2,6-CzPy [18], which is probably ascribed to thé kpkage between
carbazole and PFM. The controllable energy levsisbéneficial to
enhancing the thermal and morphological stabilityhe host by bulky
PFM group for stable device. In addition, the dittbpatial overlap
between the HOMO and LUMO @{6-PFCzPy is also helpful to achieve

high-efficient device [22].



To research the electrochemical characteristicdGPFCzPy, cyclic
voltammetry measurements were performed to estirttegevalue of
HOMO (-5.85 eV ) and LUMO (-2.09 eV ) of the compaolu(Table 2).
The LUMO energy level of 2,6-PFCzPy is high in accavith that of
2,6-CzPy, while the HOMO of 2,6-PFCzPy is slightdyer 0.22 eV than
that of 2,6-CzPy (-5.63 eV ) [18]. The slim vamats of HOMO and
LUMO levels betweern?2,6-PFCzPy and 2,6-CzPy further proved the
minute influence caused by the®simkage between carbazole and PFM.
The energy gap (¢=3.76 eV) was obtained from the difference between
the HOMO and LUMO energy levels, which was appratento the

result (g, 3.47 eV) calculated from the threshold of absorpspectrum.
4. Electroluminescent properties

In view of its good thermal stability and stable rpfmlogy as well as
high T, of the hybrid, blue TADF OLEDs (device A and B) ree
fabricated using botl2,6-PFCzPy and 2,6-CzPy as host materials to
investigate the influence of steric hindrance wite following
configuration: ITO/MoQ(6 nm)/NPB(50 nm)/mCP (5 nm)/ EML (30
wt%, 20 nm)DPEPO (35 nm)/Bphen (40 nm)/LiF (1 nm)/Al (100 nm)
(shown inFig. 3). In the devices?,6-PFCzPy (device A) and 2,6-CzPy
(device B) were employed as hosts with DMAC-DPS
(bis[4-(9,9-dimethyl-9,10-dihydroacridine)-phenyll®ne) as guest for

blue TADF OLEDs, respectively. Ma(and LiF are served as hole and



electron-injecting layers, with ITO and Al as theode and cathode,
respectively. mCP  (N,N'-dicarbazole-3,5-benzene) d arBphen
(bathophenanthroline) act as exciton blocking (EBdr)d electron
transporting layers (ETL), respectivly, with NPB
(4,4'-bis[N-(1-naphthyl)- Nphenylamino]biphenyl) &®le-transporting
layer (HTL). Bis(2-(diphenylphosphino)phenyl)ethekide (DPEPO)
was used to restrict excitons inside the emittinget (EML). The
luminance-voltage-current density (L-V-C), currestficiency-voltage,
EQE-Luminance curve and EL spectra of #&PFCzPy and 2,6-CzPy
hosted blue TADF OLEDs are shown king. 4 and Fig. S3. All the
relevant device data are summarized @ble 3. As illustrated inFig. 4a,
the device A displays turn-on voltage at about M.7defined as the
voltage at L = 1 cd i) that is lower than that of device B4\ 5.0 V),
which is probably originated from the more balanastergy levels
between EML and EBL of device A compared with tbatdevice B,
prompting the charge trapping and exciton recontlwna on
DMAC-DPS ascendant in collecting charger carriétss is confirmed
by the higher luminance of device A than that ofide B when the
driving voltage ranged from 4.0 to 12.0 V, whicHusther demonstrated
by the VA curves that displayed high&of device A compared to that of
device B as the operation voltage aggrandized #dinto 13.0 V. The

higher luminance and value of 2,6-PFCzPy-based device A is in



accord with higher exciton concentration due tgéamand well balanced
excitons in its EML compared to that of 2,6-CzPgdxh device B,
which indicates the introducing bulky PFM into Z;@Py could
favourably suppress concentration quenching angletrriplet
annihilation of guest at high doping concentratida.can be seen fig.
4 andFig. S3, the maximum luminance, current efficiency, andE=6)
devices A and B are 1356/6459 cd,n4.4/21.0 cd A, and 6.2/10.36%,
respectively. Although the maximum performance e¥ide A is lower
than that of device B, device A possesses bettaracteristics at low
driving voltage. In addition, the luminance of ttevice A is 1000 cd
m? when the driving voltage of device is at 10.8 \hieh implies the
applicability of the device in portable equipmeifithe big driving
voltage of device A is probably ascribed to largerier carrier injection
of the LUMO energy levels between host and guekichvis further
confirmed by the driving voltage of device B withet luminance of
1000 cd rif at about 12.0 V. Meanwhile, the electrolumineseefttl.)
spectra of the device of A and B exhibit electralmscence
characteristics with emission peaks around 486 4&4& nm, which is
bathochromic-shift around 24 and 16 nm, respegtivedmpared with
DPEPO-based devices reported by Xu [23], probahhg do the
difference of polarity between the hosts [24]. Thange of EL spectra

of device A is negligible as the driving voltagesreases from 5.1 to



15.1 V with the doping concentration of 30% w.t.high indicates
excellent color stability. This result demonstratine bukyl steric
hindrance of the host could supress excimer enmmssiothe guest
successfully. The maximum EQE of the device A dedsdo one half of
itself as the luminance increases from 0.88 to @B&i° (Fig. 4c). The
rapid roll-off is probably caused by the unbalanegditons and/or the
insufficient energy transfer from host to gueste Tigh-efficient TADF
OLEDs based on bukyl steric hindrance functiondliz2,6-CzPy
derivatives is on-going by optimizing the moleculstructure with

Improved charge carriers balance and device conafimun.

5. Conclusions

In this work, a novel 2,6-bis(N-carbazolyl)pyridir{@,6-CzPy) with
large steric hindrance was successfully synthesimeadombining two
3-(9-phenyl-fluoren-9-yl)-carbazole groups with joynme unit via
Ullmann reaction. TGA and DSC curves manifest theky steric
hindrance effect is beneficial for improving the etmal and
morphological stability compared to that of 2,6-€zFPhe blue TADF
OLEDs was first fabricated using 2,6-CzPy-based mmmds as host
with maximum EQE of 6.2% at doping concentrationhagh as 30%
without any change of EL spectra as the drivingag®s increased from

5.1 to 15.1 V, which suggests the 3D bulky stenedrance of the



compound could suppress the excimer emission ofgtiest at high
doping concentration successfully. The high pertorae TADF OLEDs
Is expected to be achieved by modifying the mokecudtructure of
2,6-PFCzPy and optimizing the device conformatiantlee basis of the

aforementioned guidelines in this work.
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Fig. 2 The UV-vis and PL spectra of the compound in DGiuson.

Table 1. HOMO and LUMO surfaces from DFT calculations

Molecule Structure HOMO LUMO

O ® L‘é\ %
T o

-5.36 eV -1.07 eV

Table 2. Electrochemical properties and triplet energels\of the host

HOMO LUMO Ey Ta

Compound
(eV) (eV) (eV) (eV)

2,6-PFCzPy -5.85 -2.09 3.76 2.83




Table 3. Device performance of the blue TADF OLEDs

Device Host L2 (cd m?) CE¥cd AY EQE* (%)
A 2,6-PFCzPy 1356 14.4 6.2
B 2,6-CzPy 6459 21.0 10.36

®The efficiencies of L, CE and EQE of prototype devices at maximum values
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Fig. 3 (a) Schematic configuration of the OLEDs and tberasponding molecular

structures of the main organic materials, (b) Epdyand diagrams of the OLEDs.
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‘The first 2,6-bis(N-carbazolyl)-pyridine-based compound with large
steric hindrance was used as host for blue TADF OLEDs

-Stable blue EL spectra were achieved under different driving voltages at
high doping concentration of 30%.

The enhanced thermal and morphological stability was achieved with
high triplet energy level (T,, 2.83 €V) and controllable electrochemical

properties.
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