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A series of 9,9-diphenyl-9H-thioxanthene derivatives with different sulfur atom valence states are reported as host materials
in blue phosphorescent organic light-emitting diodes. Their photophysical, electrochemical and thermal properties, as well

as device performance were thoroughly investigated to study their structure—property relationships, including the different
carbazolyl linkage positions and sulfur atom valence states. Extremely low turn-on voltages of around 2.6 V for blue
electrophosphorescence, which are already corresponding to the value of the emitted photon energy (hv)/electron charge (e),
were achieved by utilizing the developed materials as the host of the blue phosphor dopant iridium(lll) bis(4,6-
(difluorophenyl)-pyridinato-N,C?)picolinate (Flrpic). Notably, a maximal power efficiency of 69.7 Im W and extemal
quantum efficiency of 29.0% were achieved for an optimal device based on m-DCz-S consisting of bivalence sulfur atom

and meta-combined carbazolyl.

Introduction

Since the first report of multilayered organic light-emitting devices
(OLEDs), it has been extensively studied due to their practical
applications as new-generation flat-panel displays and energy-saving
lighting sources. With the development of phosphorescent transition
metal complexes by Forrest and Ma et al.,>* continuous efforts have
been paid to improve the device performance of phosphorescent
OLEDs (PHOLEDs). It is known that the light emission of the
general fluorescent emitter originates from the radiative decay of
their singlet excitons. Considering the spin selection rule, the
maximum internal quantum efficiency (IQE) of the fluorescent
OLED:s should be only ca. 25%. On the contrary, in the PHOLEDs,
both singlet and triplet excitons can be fully utilized with a
theoretical upper limit of an IQE as high as 100%. However, metal
complex phosphors are necessary to be doped into an appropriate
host matrix to suppress the concentration quenching and triplet—
triplet annihilation. Hence development of effective host materials is
of importance for efficient PHOLEDs. It is generally essential that
the triplet energy (E1) of the host is higher than that of the emitter in
order to facilitate energy transfer from the host to the phosphorescent
emitter and to confine the triplet excitons on the phosphors.*® To
meet this requirement, w-conjugation of the host materials should be
limited to achieve a high enough triplet energy level. For example,
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molecules containing triphenylsilyl®® and phosphine oxide® which
could serve as building blocks to break the r-conjugation have been
studied extensively. Moreover, it is desirable that the host material
should have good carrier transport properties for balanced carrier
recombination in the emitting layer and possess suitable frontier
molecular orbitals to promote charge injection. Most recently, some
host materials with building blocks of both electron donor and
acceptor, called bipolar host materials, were developed with
improved bipolarity.’**® So far, carbazole is considered to be a
prominent hole transporting segment that can meet the above-
mentioned requirements.**¥"?* In the recent years, fluorescent
materials containing sulfane or sulfone have attracted considerable
attention as high efficiency fluorophors.?*?® On the other hand, host
materials containing sulfane or sulfone units for blue PHOLEDs are
seldom reported. Kippelen’s group? reported a bis-sulfone small
molecule, 4,4’-bis(phenylsulfonyl)biphenyl, as a host for iridium(I11)
bis(4,6-(difluorophenyl)-pyridinato-N,C?)picolinate  (FIrpic) with
maximum external quantum efficiency (EQE) of 6.9% and current
efficiency (CE) of 12.9 cd/A at a luminance of 100 cd/m? Kido’s
group®® introduced a m-terphenyl-modified sulfone derivative, 5',5""-
sulfonyldi-1,1":3',1"-terphenyl, as a host material for blue PHOLEDs
with maximum EQE of 21.8% and CE of 48.6 cd/A at a luminance
of 100 cd/m® However, there are few studies reporting host
materials containing sulfane and discussing the effects of sulfur atom
valence state as the host materials for blue PHOLEDs.

Here, we present a series of small molecular host materials
consisting of carbazole and 9,9-diphenyl-9H-thioxanthene (Scheme
1). Different from fluorene, a sulfur atom is introduced to give
thioxanthene with reduced n-conjugation and non-planar structure
and thus higher triplet energy (Eq). In addition, sterically hindered
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host materials are also expected to overcome the self-quenching
effect in blue PHOLEDs. As the electron-withdrawing sulfone unit
generally endows the molecules improved electron affinity, bipolar
characteristic is also expected for the compounds consisting of
sulfone and carbazole. The thermal, electrochemical and
photophysical properties of the materials have been characterized.
Results indicated that these compounds exhibit good thermal
stability and high E to be suitable as host of blue phosphorescent
emitter Firpic. Blue PHOLEDSs were fabricated, and such materials
possess notably variable properties when alternating the linkage
position of carbazole and the valence state of sulfur atom. Extremely
low turn-on voltages (V,,) of around 2.6 V were achieved by
utilizing the developed materials as the host. Notably, the optimal
device based on m-DCz-S as a host exhibited the highest CE of 65.2
cd A, power efficiency (PE) of 69.7 Im W' and EQE of 29.0%.
This is the first systematic study of the valence state of sulfur atom
to develop high-triplet-energy hosts for PHOLED applications.

o

p-DCz-S p-DCz-SO,
o, 0
OO0 ’
siv:ONOO&O -
o0 UG
m-DCz-S m-DCz-SO,

Scheme 1. Molecular structures and synthetic routes of the 9,9-
diphenyl-9H-thioxanthene derived compounds p-DCz-S, p-DCz-SO,,
m-DCz-S, and m-DCz-SO,. (i) n-BuLi (1 equiv), THF, =78 °C; (ii)
AcOH, HCI, 80<C, under N; (iii) DCM, AcOH, H,0O; (5.0 equiv); (iv)
carbazole, Cul, 18-crown-6, K,COs, 1,3-dimethyltetrahydropyrimidin-
2(1H)-one (DMPU), 160<C.

Results and discussion

The thermal stability of the target host materials was investigated by
thermogravimetric analyses (TGA), and they showed high
decomposition temperatures (T4, corresponding to 5% weight loss)
between 360 and 420 °C (ESI, Figure S1). According to the
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differential scanning calorimetry (DSC) measurements, m-DCz-S
and m-DCz-SO, with meta-combined carbazolyl exhibit
significantly high glass transition temperatures (Tg) indicating good
morphological stability of their thin films in PHOLEDS. In contrast,
no glass transition or other phase transition was found for p-DCz-S
and p-DCz-SO, with para-combined carbazolyl in the same
temperature range. In addition, the materials containing sulfone
show higher Ty and T, values than those containing sulfane due to
the improved intermolecular interaction. The high Ty and T, values

T T
—=— Abs in DCMH
—— PL in DCM
—s=— Abs in film _|
—=— PL in film
Phos in THF|

Intensity (a.u)

400 500 600
Wavelength (nm)

300 700

Figure 1. Normalized UV-vis absorption and photoluminescence spectra
in DCM solutions (10° M) and neat thin films measured at room
temperature and phosphorescence spectra measured in THF solutions (10°
M) at 77 K with 1 ms delay of p-DCz-S (a), p-DCz-SO; (b), m-DCz-S (c),
and m-DCz-S0;, (d).

Table 1. Summary of the thermal, photophysical and electrochemical properties of p-DCz-S, p-DCz-SO,, m-DCz-S, and m-DCz-SO,.

compound T, (TP Tg (TP ApLmax (NM)° HOMO (eV)* LUMO (eV)° E,™ (eV) T; (eV)?
p-DCz-S - 362 422 -5.26 -1.74 352 3.02

p-DCz-SO, - 404 401 -5.29 -1.80 3.49 3.01
m-DCz-S 125 385 367 -5.24 -1.72 3.52 3.03

m-DCz-S0, 167 420 400 -5.32 -1.81 351 3.02

“Glass transition temperature (T,) determined from DSC measurements. "Decomposition temperature (T4) determined from TGA measurements (5% weight
loss). “PL spectra measured in thin solid film. ‘HOMO energy level determined from the onset of oxidation potentials [vs ferrocene/ferrocenium (Fc/Fc*)].
*LUMO energy level calculated from HOMO energy level and optical energy band gap. ‘Optical energy band gap as determined from the UV-vis absorption
edge of the thin film. Triplet energy level estimated from onset of phosphorescence spectra at 77 K.
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indicate that the developed compounds are suitable for application in
vacuum deposited OLEDs.

Photophysical properties of materials were measured by using
ultraviolet—visible ~(UV—vis) and photoluminescence (PL)
spectrometers. The UV-vis absorption and PL spectra of these four
materials in dilute DCM solutions and in thin films were
investigated systematically. As revealed in Figure 1, all the
compounds exhibit sharp absorption peaks around 290 nm, which
could be attributed to the n-m* transition of the carbazole moiety.
From their absorption edge in film state, optical energy band gaps
(Eg"p‘) could be estimated to be 3.52, 3.49, 3.52, and 3.51 eV for p-
DCz-S, p-DCz-SO,, m-DCz-S, and m-DCz-SO,, respectively. p-
DCz-SO, and m-DCz-SO, containing sulfone show smaller Eg°p‘s
than p-DCz-S and m-DCz-S containing sulfane, which could be
attributed to the stronger electron affinity of sulfone and thus
stronger intramolecular charge transfer (ICT).

The developed materials show similar PL spectra in ultraviolet
region in dilute DCM solutions. However, they are quite different in
thin films. Among them, p-DCz-S with para-combined carbazoly
shows the largest bathochromic emission shift from 341 nm in DCM
solution to 423 nm in thin film, which may be attributed to the
strongest molecular packing. And such state may induce potential
quenching sites.>®® In contrast, m-DCz-S with meta-combined
carbazoly shows quite small bathochromic shift. In comparison, the
p-DCz-SO, and m-DCz-SO, films show similar bathochromic
emission shift which is between those of the p-DCz-S and m-DCz-S
films. It may be affected by the different sulfur atom valence states.

From the phosphorescence spectra measured in frozen THF at
77 K, triplet energy levels of p-DCz-S, p-DCz-SO,, m-DCz-S, and
m-DCz-SO, were estimated to be 3.02, 3.01, 3.03, and 3.02 eV,
respectively. They are much higher than the triplet energy of the
general blue phosphor Flrpic due to their reduced m-conjugation and
non-planar structure. To further verify their triplet exciton
confinement ability, Flrpic was co-deposited with the host materials
for transient PL decay measurements by time-correlated single
photon counting method detected at 472 nm according to the
emission peak of Flrpic under the excitation of a nanosecond lamp
(A=290 nm).

As shown in Figure 2, it can be clearly seen that all the co-
deposited films with Flrpic exhibit clearly monoexponential decay
curves with relatively long lifetimes between 1.1 and 1.3 us (Table
2). In addition, the co-deposited films of p-DCz-SO,:FlIrpic, m-DCz-
S:Flrpic, and m-DCz-SO,:Flrpic exhibit very high PL quantum
yields (4p) of above 89%, which can be attributed to efficient
energy transfer from the host to the guest and good confinement of
triplet energy on the Flrpic molecules. In contrast, the co-deposited
film of p-DCz-S:Flrpic exhibits a much lower 7. of 57.6%, and it
may be attributed to the easier molecular packing of p-DCz-S to be
as potential quenching sites. Among these co-deposited films, m-
DCz-S:Flrpic exhibits the largest radiative rate constant (k) of
8.03x10° st and the smallest nonradiative rate constant (k,) of
0.23x10° s™*. The monoexponential decay behavior and the highest
PL quantum vyield for the film of m-DCz-S:Flrpic prove that the

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Transient PL decay curves of the co-deposited films of p-DCz-S:
Firpic (a), p-DCz-SO:Flrpic (b), m-DCz-S:Flirpic (c), and m-DCz-SO,:
Firpic (d) in a doping concentration of 12 wt%.

Table 2. Summary of phosphorescence lifetime (t), photoluminescence

quantum yield (»p), radiative and nonradiative rate constants (k. and ki) of
Flirpic co-deposited with p-DCz-S, p-DCz-SO,, m-DCz-S, and m-DCz-SO.,.

host 7 (us) 1L (%) K (<10°s™) ki (>10°sT)
p-DCz-S 111 57.6 5.19 3.82
p-DCz-SO, 1.30 89.3 6.87 0.82
m-DCz-S 121 97.2 8.03 0.23
m-DCz-SO, 121 90.2 7.45 0.81

triplet energy transfer from Flrpic to m-DCz-S is successfully
suppressed and the energy is well-confined on the phosphor
molecules.

The electrochemical behaviors of the materials were
investigated by cyclic voltammetry (CV) (Figure S2). Their highest
occupied molecular orbital (HOMO) energy levels were estimated to
be -5.24 — -5.32 eV according to the oxidation potentials and the
ionization potential (4.8 eV) of ferrocene/ferrocenium (Fc/Fc*). The
lowest unoccupied molecular orbital (LUMO) energy levels
estimated from HOMO energy levels and E,*™s were -1.72 to -1.81
eVv.

DFT calculations were also performed to gain further insight
into the electronic states of these materials by using Gaussian 09W
program.®* As shown in Figure 3, HOMOs of all the compounds
mainly locate at the peripheral carbazole moieties, while their
LUMOs mainly locate at the central thioxanthene or thioxanthene-
10,10-dioxide unit. As a result, lower-lying LUMO energy levels are
obtained for the compounds containing sulfone than those containing
sulfane. In comparison, their HOMO energy levels are slightly
influenced by the change of sulfur atom valence state. The calculated

J. Name., 2013, 00, 1-3 | 3
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Figure 3. Calculated spatial distributions of HOMOs and LUMOs of p-
DCz-S, p-DCz-SO,, m-DCz-S, and m-DCz-SO..

Table 3. Summary of the theoretical calculations of p-DCz-S, p-DCz-SO,,
m-DCz-S, and m-DCz-SO, (DFT, B3LYP/6-31G (d) and TD-DFT,
B3LYP/ 6-31G (d), Gaussian 09W_BO01).

compound HOMO (eV) LUMO (eV)  S;(eV) Ty (eV)
p-DCz-S -5.33 -0.90 3.93 3.18

p-DCz-SO, -5.32 -1.47 3.49 3.18
m-DCz-S -5.33 -0.91 3.97 3.18

m-DCz-SO, -5.35 -1.44 3.48 3.18

HOMO energy levels of these compounds are around 5.33 eV, which
show good agreement with the experimental results. Vertical
transition energy of singlet and triplet excited state energy are also
calculated, as shown in Table 3. T, levels of all the compounds were
calculated to be 3.18 eV, and the their similar high triplet energies
might be attributed to the reduced =-conjugation and non-planar
structure.

To investigate the performance of these materials as host of
blue phosphor, PHOLEDs were fabricated by doping Flrpic into the
developed materials as emission layer (EML) in a configuration of
ITO (95 nm)/ HATCN (5 nm)/ NPB (30 nm)/ TAPC (10 nm)/ Host:
12wt% Flrpic (10 nm)/ TmPyPB (40 nm)/ LiF (1 nm)/ Al (90 nm),
where ITO (indium tin oxide) and LiF/Al are the anode and the
cathode, respectively; NPB (4,4’-bis[N-(1-naphthyl)-N-
phenylamino]biphenyl) is the hole-transporting layer (HTL); A thin
TAPC (1,1-bis(4-(N,N-di(p-tolyl)-amino)-phenyl)cyclohexane) layer
is inserted between the HTL and EML in order to confine triplet
excitons more effectively in the EML; and TmPyPB serves as the
electron-transporting layer (ETL) and the hole-blocking layer.
Considering the huge hole injection barrier between ITO (-4.8 eV)
and NPB (-5.4 eV), HATCN (dipyrazino(2,3-f:2',3'-h)-quinoxaline -
2,3,6,7,10,11-hexacarbonitrile) is used as the anode buffer layer to
encourage the hole injection into the HTL. Electroluminescence (EL)
spectra of the devices are depicted in Figure S2. All the EL spectra
show similar spectral characteristics with a Ag_ of 472 nm and CIE
coordinates of (0.16, 0.33), corresponding to the emission of Flrpic.

4| J. Name., 2012, 00, 1-3
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Figure 4. Current density-voltage—luminance (J-V-L) (a) and current
efficiency (CE)-luminance—power efficiency (PE) (b) characteristics of the
PHOLED: in a structure of ITO (95 nm)/ HATCN (5 nm)/ NPB (30 nm)/
TAPC (10 nm)/ Host: 12wt% Flrpic (10 nm)/ TmPyPB (40 nm)/ LiF (1
nm)/Al (90 nm). Host: p-DCz-S (O @), p-DCz-SO, (A A), m-DCz-S (&
@), and m-DCz-SO, (O M).

Moreover, no additional emission coming from the host materials
was observed, indicating efficient energy transfer from the host to
the dopant.

As shown in Figure 4, it can be observed that the devices based
on these hosts exhibit extremely low turn-on voltages (V,,) (at the
luminance of 1 cd m2) of 2.6-2.8 V, which are readily comparable
to the value of the photon energy (hv = 2.63 eV, corresponding to the
peak emission wavelength of 472 nm) divided by the electron charge
(e). Extremely low V, of 2.6 V is realized for the device based on p-
DCz-SO,, which is among the lowest ones for the Flrpic-based
devices with single host.}***32 Note that Flrpic is a well-known
electron-transport triplet emitter and the doping concentration of
Flrpic is relatively high (12 wt%). Considering the lower-lying
LUMO energy level of TmPyPB, electrons may be partly injected
into the EML through the Flrpic molecules. The low turn-on
voltages could be ascribed to the effective hole injection due to
suitable HOMO energy levels of the developed host materials.
Among the fabricated blue PHOLEDS, the highest efficiency was
achieved for the device based on m-DCz-S, which gave a maximum
CE of 45.1 cd A and a maximum PE of 46.1 Im W™, while lower
values of 39.9 cd A™ and 39.9 Im W™ were obtained for the device
based on p-DCz-S. However, the devices based on p-DCz-SO, and
m-DCz-SO, containing sulfone show further poorer performance
compared with those based on m-DCz-S and p-DCz-S containing

This journal is © The Royal Society of Chemistry 20xx
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Table 4. Summary of the performance of the PHOLEDs based on the developed host materials.

Host Von maximum efficiency at 100 cd/m? at 1000 cd/m?
(V) CE(cd/A) PE(ImW) EQE (%) V (V) CE (cd/A) PE (ImW) EQE (%) V (V) CE (cd/A) PE (Im/W) EQE (%)
p-DCz-S* 2.8 39.9 39.9 18.5 35 28.6 25.8 13.3 4.2 21.8 16.3 10.1
p-DCz-SO,* 2.6 315 32.3 15.6 3.2 22.1 21.67 10.9 4.0 154 11.9 7.6
m-DCz-S§* 2.8 45.1 47.3 20.8 3.4 38.1 35.3 17.8 4.0 29.0 22.8 134
m-DCz-SO," 2.8 30.0 33.7 134 34 23.1 21.0 10.3 4.0 16.6 131 74
m-DCz-S° 2.8 65.2 69.7 29.0 3.4 50.1 47.1 22.4 4.0 37.7 29.6 16.7

#Device structure: 1TO (95 nm)/ HATCN (5 nm)/ NPB (30 nm)/ TAPC (10 nm)/ Host: 12wt% Flrpic (10 nm)/ TmPyPB (40 nm)/ LiF (1 nm)/Al (90 nm).
®Device structure: ITO (95 nm) / TAPC (40 nm)/ Host: 12wt% Flrpic (10 nm)/ TmPyPB (40 nm)/ LiF (1 nm)/Al (90 nm).

sulfane, which only show a maximum CE of approximately 30 cd A
! and a maximum PE of about 33 Im W,

Since the charge carriers are recombined in the EML in an
OLED, balanced carrier injection and transport into the EML is a
prerequisite for improved device performance. As thus, balanced
hole and electron mobility is extremely of importance for a host
material. To study bipolar properties and different performance of
these host materials, hole-only and electron-only devices were also
fabricated. The configuration of the hole-only devices (HOD) is ITO
(95 nm)/ HATCN (5 nm)/ NPB (30 nm)/ TAPC (10 nm)/ Host (10
nm)/ TAPC (40 nm)/ Al (90 nm), and the electron-only devices
(EOD) have a structure of ITO (95 nm)/ TmPyPB (40 nm)/ Host (10
nm)/ TmPyPB (40 nm)/ LiF (1 nm)/ Al (90 nm). TAPC (LUMO: -
2.0 eV) on the cathode side of the HODs and TmPyPB (HOMO: -
6.45 eV) on the anode side of the EODs are utilized to block the
electron-injection from Al (work-function: 4.3 eV, corresponding to
a large energy barrier of 2.3 e€V) and the hole-injection from 1TO
(work-function: 4.8 eV, corresponding to a large energy barrier of
1.65 eV), respectively. As shown in Figure 5, m-DCz-S and p-DCz-
S show better hole transport ability than p-DCz-SO, and m-DCz-SO,,
indicating the sulfone unit may lead to decreased hole transport. On
the other hand, p-DCz-SO, and m-DCz-SO, show higher electron
transport ability due to the electron-withdrawing sulfone. As
aforementioned, Flrpic is an electron-transport triplet emitter. The
relatively higher electron transport ability may induce an electron
dominant current and thus reduced carrier balance and lower device
performance. It is of interest m-DCz-S still show good electron
transport ability and the highest hole transport ability, which
suggests that m-DCz-S may possess the best balanced hole/electron
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[ —— m-DCz-S EOD

[o]
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»
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o -
0 5 10 15 20
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Figure 5. Current density versus voltage characteristics for the hole-only
devices (HOD) and electron-only devices (EOD).
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Figure 6. Current density-voltage-luminance (J-V-L) (a), current
efficiency (CE)-luminance—power efficiency (PE) (b), and external
quantum efficiency (EQE)-luminance (c, inset) characteristics of the device
based on m-DCz-S in a structure of ITO (95 nm)/ TAPC (40 nm)/ m-DCz-
S: 12 wt% Flrpic (10 nm)/ TmPyPB (40 nm)/ LiF (1 nm)/ Al (90 nm).

injection and transport properties among these host materials. Aside
from the bipolar charge transport capability and good carrier balance
the highest PL quantum yield (97.2%) of the Flrpic doped with m-
DCz-S is also of benefit to the remarkable performance of the device
based on m-DCz-S.

Whereas, according to the equation: EQEqax = #op X77pL *7r X7,
where 7, is the optical out-coupling factor, #, is the ratio of radiative
excitons, and y is the carrier balance factor, we can predict that the
theoretical EQE,., for the device based on m-DCz-S should reach a
value of 29.2%, given that #,, is 30% and y is 1. It is deduced that
the carrier balance in the previous device based on m-DCz-S was
still imperfect, leading to a lower EQE than that of the theoretically
optimal device. Thus, we further optimized the device structure in a
configuration of 1TO (95 nm)/ TAPC (40 nm)/ m-DCz-S: 12 wt%
Flrpic (10 nm)/ TmPyPB (40 nm)/ LiF (1 nm)/ Al (90 nm).
Accordingly, as shown in Figure 6, the optimized device exhibits a

J. Name., 2013, 00, 1-3 | 5
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turn-on voltage of 2.8 V, and the luminance reaches 100 and 1000 cd
m=2at3.4and 4.0V, respectively. In addition, a maximum EQE of
29.0% was obtained for the optimized device, which is in good
agreement with the theoretical maxima, indicating a well-balanced
carrier was achieved for the optimized device. Moreover, the
hitherto highest PE value of 69.7 Im W™ was achieved at low
luminance (Table $1),%223¢ and it maintains as high as 47.1 and
29.6 Im W at the brightness of 100 and 1000 cd m 2, respectively.

Conclusions

In summary, a series of 9,9-diphenyl-9H-thioxanthene derivatives
were developed as the host materials for blue PHOLEDs. Their
photophysical, electrochemical, and thermal properties have been
studied systematically. With the different carbazolyl linkage
positions and sulfur atom valence states, the materials show
tremendous difference in device performance. Extremely low turn-
on voltages of around 2.6 V were achieved by the developed
materials. In addition, an enhanced device performance was
achieved by m-DCz-S consisting of sulfane and meta-combined
carbazolyl with maximum EQE of 29.0%, CE of 65.2 cd A, and PE
of 69.7 Im W, indicating that m-DCz-S is a potential host material
for blue PHOLEDs. This is the first systematic study of the effect of
sulfur atom valence state to develop high-triplet-energy host
materials for PHOLED applications, and the present findings give a
new route to further improve the performance of PHOLEDS through
lowering the operating voltage.

Experimental

General. All the developed host materials were purified by silica gel
chromatography and then repeated thermal gradient vacuum
sublimation before characterization and device fabrication. *H NMR
spectra were recorded on a Bruker NMR spectrometer operating at
600 or 500 MHz, and *3C NMR spectra were recorded at 150 MHz.
TGA was undertaken on a Netzsch TG 209 under N, flow at a
heating rate of 10 < min. DSC measurements were performed on a
Netzsch DSC 209 under N, flow at a heating and cooling rate of
10 T min™. UV-vis absorption spectra were measured on a HP 8453
spectrophotometer. PL spectra were recorded on a Horiba
Fluoromax-4 spectrofluorometer. CV was performed on a CHI600D
electrochemical workstation with a platinum working electrode and a
platinum wire counter electrode at a scanning rate of 100 mV s
against a Ag/Ag® (0.1 M of AgNO; in acetonitrile) reference
electrode with a nitrogen-saturated anhydrous acetonitrile and
dichloromethane solution of 0.1 mol L™ tetrabutylammonium
hexafluorophosphate. PL quantum yields of the films were measured
under air condition by using an integrating sphere on a
HAMAMATSU absolute PL quantum yield spectrometer C11347.
Transient PL spectra were measured with an Edinburgh FL920
fluorescence spectrophotometer. PL decays and the corresponding
simultaneous PL spectra of the phosphorescent emitter-doped films
were recorded at room temperature. The thin solid films used for
absorption and PL spectral measurements were vacuum vapor
deposited on quartz substrates.
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Materials. All solvents and reagents were used as received from
commercial suppliers without further purification. 2-Bromophenyl-
phenyl-sulfane (1) was synthesized according to literature.®
Synthetic routes of the object compounds are outlined in Scheme 1.

9,9-bis(4-bromophenyl)-9H-thioxanthene (4). 1 (2.65 g, 10 mmol)
was dissolved in dry tetrahydrofuran (THF) and degassed for 15 min.
The resulting mixture was cooled to —78 °C under nitrogen, and n-
butyllithium (1.6 M in hexanes) (7 mL, 11 mmol) was added in a
dropwise manner. The resulting mixture was stirred at =78 °C for 1 h,
and then bis(4-bromo-phenyl) ketone (2) (3.40 g, 10 mmol) in dry
THF was added in one portion. After stirred overnight, the resulting
mixture was quenched with deionized water and extracted with
dichloromethane (DCM) for three times. The combined organic
layer was then washed with deionized water. The solution was dried
over anhydrous MgSO, and filtered. The solvent was removed by
distillation under reduced pressure. Bis(4-bromophenyl)(2-(phenyl-
thio) phenyl)methanol (3) was purified by column chromatography
and used for the next step directly. A mixture of 3, 50 ml acetic acid
(AcOH), and 3 ml chloride acid was stirred under argon at 80<C for
3h. The reaction mixture was extracted with DCM and further
purified by column chromatography to give a white solid (3.04 g,
total yield 60%). *H NMR (500 MHz, CDCls, &, ppm): 7.45 (dd, J =
7.7,0.9 Hz, 2H), 7.39-7.34 (m, 4H), 7.29-7.24 (m, 2H), 7.22-7.13 (m,
2H), 6.90 (d, J = 7.9 Hz, 2H), 6.68-6.62 (m, 4H). MS (APCI, m/z):
[M]* calcd for CysH;6Br,S, 507.93; found: 508.9362.

9,9-bis(4-bromophenyl)-9H-thioxanthene  10,10-dioxide (5). A
mixture of 4 (3.04 g, 6 mmol), 10 ml DCM, 30 ml AcOH, 6 ml H,0,
(60 mmol, 10 equ) was stirred under atmosphere at 80<C for 24h.
The reaction mixture was extracted with DCM and further purified
by column chromatography to give a white solid (2.58 g, yield 88%).
'H NMR (500 MHz, CDCls, 8, ppm): 8.22 (dd, J = 7.6, 0.8 Hz, 2H),
7.58 (t, J = 7.6 Hz, 2H), 7.51 (td, J = 7.8, 1.3 Hz, 2H), 7.40 (d, J =
8.6 Hz, 4H), 6.99 (d, J = 7.9 Hz, 2H), 6.68 (d, J = 8.6 Hz, 4H). MS
(APCI, m/z): [M]" calcd for C,5H1Br,0,S, 539.92; found: 540.9292.

9,9-bis(3-bromophenyl)-9H-thioxanthene (8). 8 was synthesized in a
similar manner of 4 with bis(3-bromophenyl)ketone (6) in place of 2
to give a white solid (3.40 g, yield 60%). *H NMR (500 MHz,
CDCly, 8, ppm): 7.46 (dd, J = 7.7, 1.2 Hz, 2H), 7.44 — 7.40 (m, 2H),
7.30-7.25 (m, 2H), 7.20 (td, J = 7.8, 1.3 Hz, 2H), 7.12 (t, J = 7.9 Hz,
2H), 6.92-6.87 (m, 4H), 6.71 (dd, J = 7.9, 0.7 Hz, 2H). MS (APCI,
m/z): [M]" calcd for Cys5H46Br,S, 507.93; found: 508.9362.

9,9-bis(3-bromophenyl)-9H-thioxanthene 10,10-dioxide (9). The
synthetic process was performed as 5 with 8 in place of 4 to give a
white solid (2.58 g, yield 81%). 'H NMR (500 MHz, CDCls, 8, ppm):
8.23 (dd, J = 7.7, 1.2 Hz, 1H), 7.59 (td, J = 7.6, 0.8 Hz, 1H), 7.54 (td,
J=17.7,1.4Hz, 1H), 7.45 (dd, J = 8.0, 0.7 Hz, 1H), 7.16 (t, J = 8.0
Hz, 1H), 7.00 (d, J = 7.8 Hz, 1H), 6.73 (dd, J = 8.0, 0.8 Hz, 1H). MS
(APCI, m/z): [M]" calcd for C,5H1Br,0,S, 539.92; found: 540.9292.

9,9'-((9H-thioxanthene-9,9-diyl)bis(4,1-phenylene))bis(9H-

carbazole) (p-DCz-S). 5 (0.608 g, 1.2 mmol), carbazole (0.44 g, 2.64
mmol), Cul (0.24 g), 18-crown-6 (0.33 g), K,CO;3 (0.36 g), and 1,3-
dimethyltetrahydropyrimidin-2(1H)-one (DMPU) (8 ml) were added
to a 20 ml three-necked round-bottomed flask. The mixture was
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stirred and heated at 160 T for 24 h under a nitrogen atmosphere and
then cooled to room temperature. The resulting mixture was
extracted with DCM and dried over Na,SO,, and then concentrated
under vacuum. The residue was purified by column chromatography
on silica gel to give a white solid (0.57 g, yield 71%). *H NMR (500
MHz, CDCls, 8, ppm): 8.16 (d, J = 7.7 Hz, 4H), 7.57 (dd, J = 7.4,
1.5 Hz, 2H), 7.55-7.50 (m, 8H), 7.47-7.41 (m, 4H), 7.34 (dtd, J =
14.7,7.5,1.0 Hz, 8H), 7.18 (dd, J= 7.7, 1.4 Hz, 2H), 7.13 (d, J = 8.6
Hz, 4H).*C NMR (126 MHz, CDCls, 8, ppm): 142.94, 141.60,
140.65, 136.44, 133.91, 132.11, 130.96, 127.15, 127.07, 126.10,
125.94, 125.91, 123.44, 120.33, 120.03, 109.84, 61.44. MS
(MALDI-TOF): m/z calcd for C49H3,N,S: 680.2; found: 679.199.

9,9-bis(4-(9H-carbazol-9-yl)phenyl)-9H-thioxanthene 10,10-dioxide
(p-DCz-SO,). p-DCz-SO, (0.59 g, yield 70%) was synthesized as a
white solid in a similar manner of p-DCz-S with 5 instead of 4.'H
NMR (600 MHz, CDCls, 3, ppm): 8.34 (dd, J = 5.5, 3.6 Hz, 1H),
8.15 (d, J = 7.7 Hz, 2H), 7.66 (dt, J = 7.0, 3.5 Hz, 2H), 7.57 (d, J =
8.4 Hz, 2H), 7.50 (d, J = 8.2 Hz, 2H), 7.43 (t, J = 7.7 Hz, 2H), 7.33-
7.25 (m, 3H), 7.18 (d, J = 8.4 Hz, 2H). *C NMR (126 MHz, CDCl,,
3, ppm): 144.89, 143.08, 140.52, 137.58, 137.05, 132.19, 131.75,
131.69, 128.51, 126.53, 125.98, 124.50, 123.50, 120.35, 120.17,
109.77, 58.84. MS (MALDI-TOF): m/z calcd for CyoH3,N,0,S:
712.22; found: 712.226.

9,9'-((9H-thioxanthene-9,9-diyl)bis(3,1-phenylene))bis(9H-
carbazole) (m-DCz-S). m-DCz-S (0.58 g, vyield 70%) was
synthesized as a white solid in a similar manner of p-DCz-S with 8
instead of 4. *H NMR (500 MHz, CDCls, &, ppm): 8.11-8.02 (m, 4H),
7.53 (dd, J = 7.7, 1.2 Hz, 2H), 7.51-7.44 (m, 4H), 7.32-7.16 (m,
18H), 7.14 (dd, J = 7.9, 1.1 Hz, 2H), 6.96 (dt, J = 7.2, 1.7 Hz, 2H).
3C NMR (126 MHz, CDCls, 8, ppm): 145.62, 141.34, 140.31,
137.35, 133.75, 130.85, 129.22, 129.13, 129.10, 127.20, 126.93,
126.05, 125.87, 125.01, 123.36, 120.17, 119.96, 109.69, 61.71. MS
(MALDI-TOF): m/z calcd for C49H3,N,S: 680.2; found: 679.199.

9,9-bis(3-(9H-carbazol-9-yl)phenyl)-9H-thioxanthene 10,10-dioxide
(m-DCz-SO,). m-DCz-S0O, (0.60 g, yield 72%) was synthesized as a
white solid in a similar manner of p-DCz-S with 9 instead of 5. 'H
NMR (600 MHz, CDClj, 8, ppm): 8.32 (d, J = 7.6 Hz, 1H), 8.10 (d,
J =8.6 Hz, 2H), 7.67-7.52 (m, 4H), 7.26 (t, J = 10.3 Hz, 7H), 7.16 (s,
1H), 7.04 (dd, J = 7.5, 5.0 Hz, 1H)."*C NMR (126 MHz, CDCl,, §,
ppm): 145.89, 14457, 140.32 , 137.83, 137.65, 132.14, 131.53,
129.70, 128.80, 128.69, 128.54, 125.97, 125.85, 124.48, 123.38,
120.21, 120.09, 109.59, 59.10. MS (MALDI-TOF): m/z calcd for
C4oH1N,0,S: 712.22; found: 712.226.

Theoretical Calculations. Theoretical calculation of the compounds
was carried out by using Gaussian 09_B01 package. Density
functional theory (DFT) calculation in B3LYP/6-31G(d) basis set
was performed to determine the ground state structure in gas phase.
Theoretical prediction for energy levels of the compounds was
acquired based on the optimized structure. B3LYP/6-31G(d)
functional was utilized to gain insight into the character of the
excited singlet states (S;) and triplet states (T,) by using the
optimized structure mentioned above.
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Device Fabrication and Characterization. Phosphorescent OLEDs
were grown on glass substrates pre-coated with a 95-nm-thin layer of
indium tin oxide (ITO) with a sheet resistance of 10 Q per square.
The substrates were thoroughly cleaned in ultrasonic bath of acetone,
isopropyl alcohol, detergent, deionized water, and isopropyl alcohol
and treated with O, plasma for 20 min in sequence. Organic layers
were deposited onto the ITO-coated substrates by high-vacuum
(<5x10~* Pa) thermal evaporation. Cathodes consisting of a 1-nm-
thin layer of LiF followed by a 90-nm-thin layer of Al, were
patterned using a shadow mask with an array of 3 mm>3 mm
openings. Deposition rates are 1~2 A/s for organic materials, 0.1 A/s
for LiF, and 6 A/s for Al, respectively. EL spectra were recorded by
an optical analyzer, Photo Research PR705. The current density and
luminance versus driving voltage characteristics were acquired by
Keithley 2420 and Konica Minolta chromameter CS-200,
respectively. EQE was calculated from the luminance, current
density, and EL spectrum, assuming a Lambertian distribution.
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