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Arylsilanes and siloxanes as optoelectronic
materials for organic light-emitting diodes (OLEDs)

Dianming Sun,® Zhongjie Ren,*® Martin R. Bryce*® and Shouke Yan*?

Organic light emitting diodes (OLEDs) are currently receiving much attention for applications in new

generation full-colour flat-panel and flexible displays and as sources for low energy solid-state lighting.

Arylsilanes and siloxanes have been extensively studied as components of OLEDs, mainly focusing on

optimizing the physical and electronic properties of the light-emitting layer and other functional layers

within the OLED architecture. Arylsilanes and siloxanes display the advantages of good solubility in
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common organic solvents and excellent resistance to thermal, chemical and irradiation degradations. In
this review, we summarize the recent advances in the utilization of arylsilanes and siloxanes as
fluorophore emitters, hosts for phosphor emitters, hole and exciton blocking materials, and as electron

and hole transporting materials. Finally, perspectives and challenges related to arylsilanes and siloxanes

www.rsc.org/MaterialsC

1. Introduction

In the past few decades, impressive scientific and technological
progress has been achieved in the exploitation of organic light
emitting diodes (OLEDs) in full-colour flat-panel displays and
solid-state lighting. Since Tang et al.' reported the first OLED
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for OLED applications are proposed based on the reported progress and our own opinions.

with one emitting layer, the device structure of OLEDs has
evolved due to extensive academic and industrial efforts from a
single-layer device to a multilayer structure with additional
charge transporting and blocking layers to improve the device
performances. Now it is well established that for realizing
highly efficient OLEDs it is important for these layers to
possess: (i) suitable energy levels appropriately matched with
those of the neighbouring functional layers for efficient charge
injection to reduce the operating voltage; (ii) balanced hole and
electron transport abilities from both sides of the emitting layer
to increase the recombination opportunity within the emitting
layer; (iii) higher singlet or triplet energy levels than the
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emitting molecules to avoid exothermic reverse energy transfer’ ™
and (iv) good thermal and morphological stabilities and film-
forming abilities for longer device lifetimes. To meet these
requirements the optoelectronic and physical properties of
these charge transfer and blocking materials have been extensively
modified through rational design of the functional substituents
and chemical structures.> ¢ However, it is difficult to tune certain
properties without adversely affecting others due to the close inter-
relationship between optoelectronic, morphological and physical
properties. For example, the thermal stability of organic materials
can be enhanced by expanding their molecular size. However,
additional conjugated groups may result in a decrease in solubility
and changes in the intermolecular interactions in the solid state.
Moreover, one may want to improve charge mobility by extending
the conjugation length, while the singlet and triplet energy
levels will inevitably decrease. Therefore, it is important to
select materials with independent control over both the physical
and optoelectronic properties. Recently, arylsilanes and siloxanes
have been widely incorporated into organic optoelectronic materials
to tune certain properties while maintaining others successfully.'” %

Arylsilanes and siloxanes belong to a class of organosilicon
materials that have rich and versatile applications including anti-
foaming agents, lubricants, protective coatings and microelectro-
nics due to their good solubility, chemical and thermal stability
and flexibility.**®* Kamino and Bender have reviewed the use of
siloxanes, silsesquioxanes and silicones in organic semiconduct-
ing materials."” The incorporation of organosilicon groups into
organic light-emitting materials has led to significant improve-
ments, especially for those with poor thermal stabilities and high
singlet or triplet energy levels. Because most organosilicon com-
pounds used for active layers of OLEDs are dominated by bonding
with aryl-substituents or oxygen atoms, this review will consider
only arylsilane- and siloxane-based optoelectronic materials.
Furthermore, here we broadly define arylsilanes as those materials
containing tetraphenylsilane fragments, and siloxanes as those

! Martin Bryce received a BSc from
Wolverhampton Polytechnic and a
DPhil from York University, UK.
After postdoctoral work at the
Universities of British Columbia
and Bristol he moved to Durham
University. Since 1995 he has been
a full professor of chemistry. He
has  held visiting  scientist
positions at the University of
California, Santa Barbara and
the University of Copenhagen. He
was a Troisieme Cycle Lecturer in
Switzerland (2008) and Tarrant
Lecturer at the University of Florida, Gainesville (2013). His
research interests cover molecular design, synthesis and assembly
of organic optoelectronic materials (small molecules and polymers),
molecular electronics and nano-scale chemistry.

Martin R. Bryce

This journal is © The Royal Society of Chemistry 2015

View Article Online

Journal of Materials Chemistry C

based on polyhedral oligomeric silsesquioxanes (POSS) or
polysiloxanes which are often used for emitting or charge
transporting layers. For examples, in 2001, Chen et al.** pio-
neered the use of tetraphenylsilane as the core structure
for blue emitters with intrinsic large band-gaps by attaching
different ratios of electron-affinity moieties. Recently, our
group integrated organic functional groups with ladder poly-
silsesquioxanes®® and linear polysiloxanes® as high triplet
energy host materials for blue phosphorescent OLEDs.

In this article, we review the recent literature on arylsilanes
and siloxanes which are used as emitters, charge-transport and
host materials in OLEDs. The molecular structures, thermal
stabilities and device performances are summarized and dis-
cussed. Specifically, the relationship between chemical struc-
tures and the properties of various organosilicon materials will
be covered. Examples of hybrid materials will be discussed in
detail with a focus on the specific impact of incorporating
arylsilanes and siloxanes on the final physical and electronic
properties of the materials. For the purpose of this article, these
materials are divided into three broad groups based on the
organosilicon structure and include: arylsilanes, polyhedral
oligomeric silsesquioxanes and polysiloxanes. This review is
written to serve as a tour of how traditional silicon chemistry
can be integrated into the area of new and versatile OLED
materials which are showing great promise as active components
in functional devices.

2. High performance hybrid materials

2.1 Determination of the frontier molecular orbital and triplet
energy levels of organic semiconductors

Over the past decades, a number of organic optoelectronic
materials have been synthesized for high efficiency organic
light emitting diodes. A multilayer device structure is necessary
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to improve the overall performance. Properties such as the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of the materials in the different layers
need to be tuned appropriately for efficient charge transportation,
injection and blocking. Meanwhile, besides the frontier molecular
orbitals, the triplet energy levels are also important for phos-
phorescent OLEDs. Therefore, it is necessary to measure these
properties accurately and conveniently. Accurately, the HOMO
and LUMO of organic thin films can be determined by ultraviolet
photoelectron spectroscopy (UPS)*® and inverse photoelectron
spectroscopy (IPES),®” respectively. However, these experiments
are complex and time consuming to reduce artificial deviation.®®
In practice, electrochemical measurements can be employed to
estimate the HOMO and LUMO energies directly from the oxida-
tion and reduction potentials which are measured with respect to
a reference potential (typically the ferrocenium/ferrocene redox
couple) scaled to vacuum. However, for these procedures a series
of approximations are unavoidable even when all measurements
are done accurately.®® The LUMO can also be calculated by adding
the optical energy gap to the HOMO energy levels, where the
optical energy gap corresponds to the energy at the cutoff
wavelength of the initial absorption band. It should be noted that
the optical energy gap leads to an underestimation of the true
energy gap between the HOMO and LUMO.*>*° With regard to
the determination of triplet energies, due to the long lifetime of
the molecules in the triplet state (10 to 10 s or more), the
phosphorescence of organic materials has to be observed at low
temperature in highly viscous media to protect the triplet state.
The photoluminescence spectrum at 77 K is most commonly
used for this purpose. In the following section, all HOMO and
LUMO energy levels mentioned are measured by combining
electrochemical measurements and absorption spectra, and triplet
energy levels are determined by low temperature (77 K or lower)
photoluminescence spectra, unless stated otherwise.

2.2 Arylsilane-based optoelectronic materials

Arylsilane derivatives belong to a series of wide bandgap
materials in which the silicon atom disconnects the conjuga-
tion between each aryl unit, leading to high singlet and triplet
energy levels. Meanwhile, the inherent tetrahedral configuration
of arylsilanes can effectively prevent intermolecular interactions in
the solid state, thereby enabling the formation of uniform and
smooth amorphous films. Therefore, arylsilanes with silicon as
the linkage have been widely used as core structures for ultraviolet
emission, high-triplet-energy and charge-blocking materials.
Moreover, different organic functional substituents can be
conveniently introduced into the arylsilane framework.
Compared to green and red fluorescent emitters, there are
only a few known devices fabricated from organic blue fluor-
escent emitters due to their intrinsic wide bandgaps.”
In this context tetraphenylsilane is a good building block. For
this purpose and to reduce the barrier for electron injection
together with improving the thermal stability, Chen et al.** first
introduced one to four triphenylaminooxadiazole (TPAOXD)
electron-affinity moieties on the central tetraphenylsilane skeleton.
These four blue emitters are shown in Fig. 1. The glass transition
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Fig. 1 Chemical structures of tetraphenylsilane derivatives functionalized
with triphenylaminooxadiazole and diarylamine.

temperatures and morphological stabilities improved with
increased number of TPAOXD substituents due to the larger
molecular size and the stable tetraphenylsilane tetrahedral
structure. Among these, Ph;Si(PhTPAOXD) as the emitter in a
traditional trilayer device showed the best efficiencies with
brightness exceeding 20000 cd m™~> and a rather narrow blue
emission band with Commission Internationale de I’Eclairage
(CIE) coordinates of (0.17, 0.17).

Improved performance for blue OLEDs with Ph;Si(PhTPAOXD)"
(Fig. 1) as the emitter was achieved by combining the standard
hole-transporting layer N,N’-bis(naphthalen-1-yl)N,N'-bis(phenyl)-
benzidine (NPB) with a newly synthesized triarylamine-based
tetraphenylsilane derivative bis(3,5-bis-(1-naphthylphenyl-
amino)phenyl)-diphenylsilane (Ph,Si(Ph(NPA),),) (Fig. 1). The
amorphous property of Ph,Si(Ph(NPA),), in the condensed
state can be attributed to the starbust nonplanar structure.
The optimized device jointly using NPB and Ph,Si(Ph(NPA),),
as hole-transporting layer showed a maximum electrolumines-
cence (EL) near 19 000 cd m 2 with reduced current density and
high external quantum efficiency (EQE) of 2.4% (1.1 Im W™,
3.1 cd A™"). The device possesses good blue colour purity
with EL emission maximum at 460 nm, corresponding to CIE
(0.16, 0.18).

However, the intrinsic low internal quantum efficiency
of a fluorescent emitter such as Ph;Si(PhTPAOXD) limited the
application of fluorescent OLEDs. Since the pioneering work on
phosphorescent OLEDs (PhOLEDs) with potential 100% inter-
nal quantum efficiency,” most studies have focused on devel-
oping suitable high triplet energy hosts for realizing high
efficiency PhOLEDs, especially for blue phosphors.

The UGH series*®*” (Fig. 2) were first used as host materials
for blue PhOLEDs by Thompson et al. The ultra-high energy gap
compounds, namely diphenyldi(o-tolyl)silane (UGH1), p-bis-
(triphenylsilyl)benzene (UGH2), m-bis(triphenylsilyl)benzene
(UGHS3), and 9,9’-spiro-bisilaanthracene (UGH4) were employed
as host for the blue phosphor bis(4’,6’-difluorophenylpyridinato)-
tetrakis(1-pyrazolyl)borate (FIr6) in the emissive layer of PhOLEDs.
The device structure and energy diagram are shown in Fig. 3. In
addition, the high singlet (~4.0 eV) and triplet (~3.2 eV)
energies associated with these materials effectively suppresses
both the electron and energy transfer quenching pathways
between FIr6 and the host materials, and confines the transport
of both charge and excitons across the EML on the phosphor
dopant, leading to deep blue devices with improved EQE

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 The energy level diagram (units: eV) for the device: ITO/NPD
(400 A)/mCP (100 A)/FIr6:UGH (10%, 250 A)/BCP (150 A)/Algs (250 A)/
LiF/Al. Reproduced with permission from ref. 47, Copyright 2004 American
Chemical Society.

compared with that of conventional systems relying on host-
guest energy transfer.

However, the HOMO levels of the UGH series were estimated
to be around 7.0 eV (determined by UPS*’). Such deep HOMO
levels result in inefficient hole injection from common hole
transport layers. Therefore, EQE less than 10% was observed
in the FIr6 doped blue PhOLEDs. In addition, the low glass
transition temperatures within the range of 26-53 °C, resulted
in poor thermal stability.

The increased thermal stabilities and reduced bandgap were
realized by replacing the phenyl unit of UGH2 with a biphenyl
or terphenyl unit, to give 4,4’-bistriphenylsilanyl-biphenyl
(BSB)*” and 4,4"-bis(triphenylsilanyl)-(1,1’,4’,1"}-terphenyl (BST)*
with glass transition temperatures higher than 100 °C (Fig. 4).
However, the triplet energies were reduced significantly (com-
pared to UGH1-4) to 2.76 and 2.58 eV, respectively. BSB was
evaluated as the best host material for the blue emitting
iridium(m) bis(4,6-difluorophenylpyridinato)-4-(pyridin-2-yl)-1,2,3-
triazolate (FIrpytz) dopant and a high EQE of 19.3% was obtained
with CIE coordinates of (0.15, 0.32).

In general, carbazole-based derivatives are the most com-
monly used hosts for blue PhOLEDs due to their high triplet
energy levels and good hole transport abilities. However, the
electrochemically active sites (C3 and C6) can undergo chemical
coupling reactions which lower the triplet energy during the
device operation.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Chemical structures of BSB and BST.

Bulky groups attached to C3 and C6 retain the high triplet
energy of carbazole while enhancing the morphological stability
by non-conjugated substitution. 3,6-Bis(triphenylsilyl)carbazole
(CzSi)*” (Fig. 5) is, therefore, an effective host material for blue
electrophosphorescence with greatly enhanced morphological
and electrochemical stabilities in comparison with previous
carbazole-based hosts. Using CzSi, blue PhOLEDs with high
efficiencies of up to EQE 16%, #¢ max 30.6 cd A™!, and Hp,max
26.7 Im W' were demonstrated.

Moreover, a series of tetraphenylsilanes containing different
ratios of carbazoles, namely bis(4-(9-carbazolyl)phenyl)dimethyl-
silane (DMSiCBP),*" bis(4-(9-carbazolyl)phenyl)diphenylsilane
(DPSiCBP),*! DCzSiCz,”® DDCzSi’® and DTCzSi”® were used as

QO a0
Slvavl®

CzSi
Fig. 5 Chemical structure of CzSi.
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Fig. 6 Chemical structures of arylsilane derivatives functionalized with
carbazole.
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the host materials for blue phosphorescent devices (Fig. 6). All
these hosts show good thermal stability and excellent solution-
processibility. Their frontier molecular orbitals and charge
transport abilities were tuned by adjusting the numbers or
connection modes of the carbazoles to facilitate efficient injec-
tion of carriers, while their singlet and triplet energy levels
remain high, all above 3.44 eV and 2.87 eV, respectively. These
results indicated that a tetraphenylsilane core can interrupt
the conjugation effectively. Furthermore, the steric hindrance
of the non-planar silicon moiety and the 3(6),9’-linked oligo-
carbazoles prevent the inter-molecular interactions in the solid
state and thus enable formation of smooth and stable amorphous
films, which allow their use as solution-processable materials.

In addition, DPSiCBP was recently reported as a host for the
thermally activated delayed fluorescence (TADF) dopant 2,4,5,6-
tetra(3,6-di-tert-butylcarbazol-9-yl)-1,3-dicyanobenzene (t4CzIPN)
because of good overlap of the solid state photoluminescence
(PL) emission between DPSiCBP and t4CzIPN for energy transfer,
the high triplet energy of DPSICBP (3.00 eV)*! and good compat-
ibility with t4CzIPN.>> A high quantum efficiency of 18.3%
was obtained in a solution-processed TADF device dispersing
t4CzIPN in DPSIiCBP as the emitting layer; the quantum effi-
ciency of the device was comparable to that of vacuum evapo-
rated TADF devices.

In the past few years, tremendous efforts have been devoted
to developing bipolar hosts®® for blue PhOLEDs to balance hole
and electron injection and transportation, thus leading to a wide
recombination zone. To achieve high triplet hosts, electron donat-
ing carbazole and electron withdrawing diphenylphosphine oxide
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Fig. 7 Chemical structures of bipolar tetraphenylsilane hosts function-
alized with carbazole and diphenylphosphine oxide.
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units were both incorporated into the tetraphenylsilane scaffold,
for example 4-diphenylphosphine oxide-4’-9H-carbazol-9-yl-tetra-
phenylsilane (CSPO)*® (Fig. 7).

CSPO is an effective host for FCNIrpic based deep blue
PhOLEDs [FCNIrpic is bis((3,5-difluoro-4-cyanophenyl)pyridine)
iridium picolinate] achieving a high EQE of 22.0% with CIE
(0.14, 0.18). In addition, by increasing the ratios and varying the
linking modes of the carbazole units, a series of bipolar deriva-
tives, pDCSPO, DCSPO, pTCSPO and TCSPO, were designed
(Fig. 7).”*> DCSPO shows the best performance in Firpic-doped
devices for this series of compounds. By utilizing DCzSi and
DPOSi as hole- and electron-transporting layers, a very high EQE
of 27.5% and ¢ max Of 49.4 cd A" are achieved in the DCSPO/
FlIrpic doped device. Even at 10000 cd m ™2, the efficiencies still
remain 23.0% and 41.2 cd A", respectively, as shown in Fig. 8.

Compared to these single-tetraphenylsilane bridged com-
pounds, bis-tetraphenylsilane analogues improve the solution
processability and morphological stability without sacrificing
the high singlet and triplet energy levels through extending the
molecular size. The structures of CS2PO and DCS2PO developed
for blue PhOLEDs are shown in Fig. 9.7¢ DCS2PO/FIrpic doped
devices fabricated by spin-coating methods show the best EL
performance with 7cmax 26.5 ¢d A™", fp max 8.66 Im W, and
EQE ax Of 13.6%.

Moreover, a series of bis-tetraphenylsilicon bridged host
materials with oxadiazole and arylamine/3,6-di-tert-butyl-9H-
carbazole units as acceptor and donor groups, respectively,
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Fig. 8 (a) J-V curves for devices F-I. Inset: EL spectra of devices F-I at
8 V. (b) Curves of current efficiency and EQE versus brightness for devices
F-I. The device configurations are: ITO/PEDOT:PSS/HTL(40 hm)/DCSPO:-
Firpic (30 nm, 8 wt%)/ETL (30 nm)/LiF (0.8 nm)/Al (100 nm), device F: HTL
is NPB/mCP and ETL is TPBi; device G: HTL is NPB/mCP and ETL is DPOS;;
device H: HTL is DCzSi and ETL is TPBi; device I: HTL is DCzSi and ETL is
DPOSi. Reproduced with permission from ref. 73, Copyright 2012 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.

This journal is © The Royal Society of Chemistry 2015
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Fig. 10 Chemical structures of bipolar bis-tetraphenylsilicon bridged
hosts functionalized with oxadiazole and arylamine/carbazole.

mOXDDSiCz

are also used for blue PhOLEDs: namely pOXDDSiPA, mOXDD-
SiPA, pOXDDSiCz, and mOXDDSiCz (Fig. 10).*® These com-
pounds exhibit similar energy levels and higher glass transition
temperatures (92-190 °C) relative to the single-silicon-bridged
congeners. The combination of the tetra-meta-position linking
topology and the diphenylamine group imparts mOXDDSiPA
with both a relatively high triplet energy (2.72 eV) and a high-
lying HOMO level (—5.30 eV). As a result, the best EL performance
was achieved for the mOXDDSiPA-FIrpic blue device, with 7¢ max
of 23.4 ¢d A", Npmax Of 10.2 Im W' and EQEy of 10.7%.
Moreover, the current efficiency remains as high as 23.3 cd A™*
the luminance of 100 cd m ™2, and even at the high luminance of
1000 cd m >, the efficiency is 17.7 c¢d A~

Arylsilane derivatives can also be used as hole and exciton
blocking materials due to their deep HOMO levels. Kim et al.>?

This journal is © The Royal Society of Chemistry 2015

View Article Online

Journal of Materials Chemistry C

QP
@Gwi ®©O©

DTBT TSPO1
DQPS DNPS

Fig. 11 Chemical structures of electron-transporting and hole/exciton
blocking materials.

reported a new triazine functionalized tetraphenylsilane com-
pound, 2,4-diphenyl-6-(4'-triphenylsilanyl-biphenyl-4-yl)-1,3,5-
triazine (DTBT) (Fig. 11). The triazine moiety provides high
electron mobility associated with a deep HOMO level and the
tetraphenylsilane moiety endows high thermal and chemical
stability and amorphous properties. Green electrophosphores-
cent devices fabricated using DTBT as the hole-blocking layer
and N,N’-dicarbazolyl-4,4’-biphenyl (CBP) doped with fac-tris-
(2-phenylpyridine)iridium [Ir(ppy);] as the emitting layer
showed EQE ax Of 17.5% with 7, max Of 47.8 Im W™ '. However,
the low triplet energy of 2.44 eV limited the use of DTBT in blue
PhOLEDs.

Diphenylphosphine oxide derivatives are suitable as electron-
transport-type high-triplet-energy exciton blocking materials.
Therefore, Lee et al.®” introduced diphenylphosphine oxide-4-
(triphenylsilyl)phenyl (TSPO1) (Fig. 11) which showed a sulffi-
ciently high triplet energy of 3.36 eV to block excitons and to
suppress the triplet exciton quenching of the deep blue phos-
phor FCNIrpic. In addition, the LUMO of the TSPO1 (—2.52 eV) is
lowered for efficient electron injection, owing to the diphenyl-
phosphine oxide substituent. Meanwhile, the HOMO of TSPO1
(—6.79 eV) is suitable for hole blocking.

Recently, tetraphenylsilane derivatives with a wide energy
gap (~3.5 eV) containing quinoline (DQPS) and naphthyridine
(DNPS) electron-withdrawing groups have been used as electron
transporting materials (Fig. 11).”°

The different electron transporting and hole/exciton block-
ing properties of the silane derivatives were investigated in
multilayered device structures. The Er values are 2.27 eV and
2.54 eV for DQPS and DNPS, respectively. Using fac-Ir(ppy); as
the emitter, EQE of 15.4% corresponding to #]c max 56.2 cd A"
was obtained with a maximum power efficiency # max 58.9 Im W™ *
with DNPS as the electron transporting material, combined
with 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (DMP) as
the hole blocking layer: this is higher efficiency than for a
conventional Alq; device. Changing from DNPS to DQPS
lowered the efficiency to 11.4% EQE, with 41.4 ¢d A™' and
32.5 Im W', These data indicate that the electron transporting
ability is higher for DNPS (naphthyridine groups) than for
DQPS (quinoline groups).
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F \ 7|,
3 PCzSiPh 4

Fig. 12 Chemical structures of polymers incorporating tetraphenylsilane
fragments.

In addition to being an effective core structure for small
molecule optoelectronic materials, tetraphenylsilane has also
been inserted into the backbone of polycarbazole to confine
the conjugation length. Ma et al®® synthesized a copolymer
(P36HCTPSi) (Fig. 12) based on N-hexyl-3,6-carbazole and tetra-
phenylsilane with a wide band gap (3.26 eV) (Table 1).

Table 1 Physical properties of arylsilane-based small molecules

View Article Online
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Green and blue phosphorescent PLEDs were obtained by
using P36HCTPSi as a host for iridium complexes: green
Ir(mppy); 27.6 cd A™%; Ly 10000 cd m 2, and blue Flrpic
3.4 cd A" Lyax 1500 cd m ™2, respectively. Carbazole-alt-tetra-
phenylsilane copolymers PCzSilr2.5 and PCzSilr5 grafted with
various content of covalently bonded FIrpic were also studied
(Fig. 12).°* The mainly blue emission from FIrpic indicated
efficient energy transfer from the polymer backbone to the
iridium guest. The greatest advantage of this covalent host-
guest strategy is to suppress the potential host-guest phase
separation. The luminance efficiency of these blue polymer
devices reached 2.3 cd A™".

Recently, our group reported a hybrid polymeric host
(PCzSiPh)”” with carbazole as pendants on a polytetraphenyl-
silane main chain (Fig. 12). PCzSiPh has a wide bandgap and
high triplet energy. Meanwhile, the polymer also exhibits good
solubility in standard organic solvents, combined with high
thermal and morphological stability. Notably, PCzSiPh/FIrpic
devices, with a solution-processed emitter layer, exhibit EQE,ax
of 14.3% (29.3 cd A%, 10.4 Im W™ ; CIE 0.149, 0.322) which are
comparable to state-of-the-art literature data using polymer
hosts for a blue dopant emitter. The versatility of PCzSiPh
extends to deep blue PhOLEDs based on FIr6 and FCNIrpic
with high efficiencies of 11.3 c¢d A~" (CIE 0.176, 0.272) and
8.6 cd A" (0.143, 0.181), respectively, as shown in Fig. 13.”

2.3 Polyhedral oligomeric silsesquioxanes (POSS)-based
optoelectronic materials

Polyhedral oligomeric silsesquioxanes (POSS) are cube-shaped
nanoparticles in which the conformationally rigid Ts unit can

HOMO LUMO Er T, Ty
Material [eV] [ev] [ev] [C] [°C] Ref.
Si(PhTPAOXD), —5.52 —242 — 174 461 44
PhSi(PhTPAOXD);  —5.50 —245 — 163 464 44
Ph,Si(PhTPAOXD),  —5.54 —229 — 120 467 44
Ph;Si(PhTPAOXD)  —5.56 —241 — 83 462 44
Ph,Si(Ph(NPA),), 5.2 —2.1 — 95 — 45
UGH1 —7.0° —2.6° 316 26 — 16
UGH2 —7.0° —2.8° 318 — — 46
UGH3 —7.2% —2.8° 3.1 6 — 47
UGH4 —7.0° —2.8° 3.1 53 — 47
BSB —6.49 —233 276 100 — 57
BST —6.25 —247 258 113 — 57
CzSi —6.0° —2.5b 3.02 131 392 52
DMSiCBP —5.58 -1.92  3.03 90 — 61
DPSiCBP —5.58 -1.95  3.02 120 459 61
DCzSiCz —5.41 —2.01 297 162 501 70
DDCzSi —5.42 —2.01 295 — 512 70
DTCzSi —5.44 —212 287 — 571 70
CSPO —6.03 —2.49  3.01 107 420 66
pDCSPO —5.59 —2.20  3.02 124 433 73
DCSPO —5.43 —219 297 140 420 73
pTCSPO —5.57 —220  3.02 173 529 73
TCSPO —5.46 —220 289 184 512 73
CS2PO —5.56 —221  3.04 159 485 76
DCS2PO —5.43 —219 297 199 521 76
pOXDDSiPA —5.31 —2.29 267 123 469 69
mOXDDSiPA —5.30 —227 272 92 456 69
pOXDDSiCz —5.49 —231 267 190 435 69
mOXDDSiCz —5.46 —2.28 273 158 460 69
DTBT —6.57 -3.0 244 — — 53
TSPO1 —6.79 —2.52 336 — — 67
DQPS —6.01° —3.58° 227 81 535 79
DNPS —6.05° —3.44® 254 115 532 79

@ Measured by UPS. ? Calculated by HOMO and bandgap.
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be functionalized with eight organic groups. This hybridization
leads to useful properties, including high thermal stability in
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Fig. 13 Current efficiency—current density characteristics (top panel) and
external quantum efficiency—current density characteristics (bottom
panel) for devices a—c. The device configurations are: ITO/PEDOT:PSS/
PCzSiPh:dopant (50 nm)/Tm3PyPB (5 nm)/TPBi (30 nm)/LiF/Al, dopant is
10% Flrpic, 10% Flr6 and 3% FCNIrpic for devices a, b and c, respectively.
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air, good solubility in common solvents and adhesion to a
number of substrates.””*® In the context of electroluminescent
devices, POSS macromolecules bearing carrier-transporting
moieties or chromophores combine the advantages of both
small-molecule and polymer light-emitting materials, e.g., high
purity and solution processability. In general, POSS-containing
polymer LEDs exhibit improved external quantum efficiency,
luminance, and color stability due to the diminished interchain
interactions.

Heeger's group™ first introduced POSS units as end groups to
poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV)
(MEH-PPV-POSS), and to poly(9,9-dihexylfluorenyl-2,7-diyl)
(PHF) (PHF-POSS) (Fig. 14). Compared with the corresponding
polymers MEH-PPV and PHF, MEH-PPV-POSS and PHF-POSS
have improved thermal stability and decreased excimer forma-
tion by chemically incorporating bulky POSS into the conjugated
polymer chain. Meanwhile they have identical photophysical
properties. Devices made from POSS end-capped polymers exhibit
higher brightness and higher external quantum efficiency
(Lmax 1320 cd m ™2 at 3.5 V and #jey = 2.2% for MEH-PPV-POSS)
compared to that of MEH-PPV (230 cd m™? at 3.5 V and
Next 1.5%).

Shim’s group"® subsequently reported copolymers PF-POSS
(Fig. 15) where POSS units are appended to the polyfluorene

PF-POSS
Fig. 15 Chemical structure of PF-POSS.
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backbone using an alkoxy spacer. PL spectra of the copolymers
are identical to that of polyfluorene, showing blue emission
and no signs of aggregation or excimer formation. On the other
hand, the fluorescence quantum yields (@g;) of the copolymers
were higher than that of poly(9,9-dialkylfluorene) in solution
and in the solid state. Because the POSS unit reduces the
fluorescence quenching, ®g;, of PF-POSS derivatives are
enhanced as the POSS ratio increases. Electroluminescence spectra
of the copolymers revealed a blue shift in emission as the
silsesquioxane content of the copolymers was increased. Blue
OLEDs based on PF-POSS showed a low turn-on voltage of 3.7-
4.4V, a brightness of 350-1010 cd m~>, and EQEs of 0.11-0.36%.

Another successful approach to hybrid organic-inorganic
polymers is to attach peripheral polymers to a POSS core. Lin
et al® prepared a starlike polyfluorene derivative, PFO-SQ
using a variant of the octabromosilsesquioxane core where an
ethylene bridge is inserted between the silicon vertices and
phenyl groups (Fig. 16). Pre-synthesized bromide-terminated
polyfluorene was coupled to the octa(2-(4-bromophenyl)ethyl)-
octasilsesquioxane core via Yamamoto coupling. (The bromine
end-groups were not replaced by end-capping). A comparison of
PFO-SQ with linear PFO shows that interchain packing is
significantly disrupted and chain mobility is reduced in the
PFO-SQ due to its branched architecture. Whereas PFO shows
distinct glass (63 °C), cold crystallization (93 °C) and melting
(154 °C) transitions, the PFO-SQ displayed only a small melting
peak at 158 °C. The reduced interchain packing leads to
enhancement in the colour stability of PFO-SQ as the green
emission band, attributed to aggregation/excimer formation
and/or fluorenone defects, is significantly suppressed. The solid
state photoluminescence quantum yield (PLQY) of PFO-SQ
(PpL = 64%) is also slightly improved over its linear analogue
(PpL = 55%) due to reduced aggregation quenching. A single-
active-layer device using PFO-SQ demonstrated a brightness of
5430 cd m ™2 and a current density of 0.844 A cm™? at 8.8 V, with
the maximum luminescence intensity and EQE of the device
almost twice that of a comparable PFO device.

Small molecule chromophores have also been attached to
the POSS core. Sellinger et al.>® fabricated two hybrid materials
with varying extent of pyrene-functionalized peripheries
(Fig. 17). In contrast to most pyrene derivatives that are highly
crystalline and non-emissive in the solid state, these compounds
are completely amorphous and exhibit very strong photolumi-
nescence in thin films. Furthermore, they offer many advantages

VPN

CgHy7” “CgHy7 "”‘”‘““'\s'//o\- CgHi7™ “CgH,7
1

/°\

A
?J °/S,,Bf

H
Calty” otr CgHy7” “CgHyy
PFO-SQ
Fig. 16 Chemical structure of PFO-SQ.
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P14-OVS
Fig. 17 Chemical structures of P8-OVS and P14-OVS.

for OLEDs including ease of synthesis, high-glass-transition
temperatures (T), good film-forming properties, low polydispersity,
and high-purity via column chromatography. Preliminary
unoptimized OLED external quantum and current efficiencies
of 2.63% and 8.28 cd A™", respectively, were reported.

To improve the performance of OLEDs, Jabbour et al.*® devel-
oped iridium-complex anchored POSS macromolecules (Fig. 18).
Simultaneous attachment of the host materials and Ir-complex
moieties to the POSS core should reduce host-guest phase
separation. Furthermore, incorporation of the sterically bulky
groups is helpful for decreasing the interaction among the
iridium complexes. Monochromatic OLEDs based on these phos-
phorescent POSS materials show EQE,, values of 5-9%, which
can be driven at less than 10 V for a luminance of 1000 cd m™>.

The white-emitting devices with red, green and blue (R, G,
and B)-POSS emitters show EQEmax Of 8%, fpmax 8.1 Im W7,

Fig. 18 Chemical structures of iridium-complex anchored polyhedral
oligomeric silsesquioxane (POSS) macromolecules.
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and CIE (0.36, 0.39) at L 1000 cd m~>. Encouraging efficiency
values are achieved for the devices based on POSS derivatives
dual-functionalized with hole-transporting and Ir-complex
moieties without using host materials. This work demonstrates that
attachment of both triplet-dye and carrier-transporting moieties is a
viable approach to solution-processable electrophosphorescent
devices.

In a conceptually similar strategy, the combination of
carbazole and platinum-complex moieties on the same POSS
core effectively dilutes the concentration of the complex in a
single molecule,*® thereby adjusting the monomer and excimer/
aggregate emission (Fig. 19). OLEDs using these POSS macro-
molecules exhibit significantly higher efficiencies when com-
pared to devices based on a physical blend of the platinum
complexes and the polymer matrix. Furthermore, the ratio of
monomer/excimer emission intensity in the EL spectrum and
the device efficiency both increase with decreased platinum-
complex content within the POSS macromolecules.

2.4 Polysiloxane-based host materials for blue PhOLEDs

Recently, the synthesis and unique optoelectronic properties of
polysiloxane derivatives as hosts for blue PhOLEDs have been
exploited by our group. Various high triplet energy moieties
have been introduced into the polysiloxane main-chain while

“ R \Si'R
X N\Pt P —si— Jg >
F o / O‘Si/ O\Si/ i
Si~, o770 !
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Fig. 19 Chemical structures of platinum-complex anchored polyhedral
oligomeric silsesquioxane (POSS) macromolecules.
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maintaining their intrinsic energy levels and charge transport-
ing abilities. Compared to a single functional unit, the thermal
and morphological stability is significantly improved. Meanwhile,
the polysiloxane hybrids show excellent solubility, film-forming
abilities and miscibility to guest iridium complexes. In addition to
the merits of arylsilanes or polyhedral oligomeric silsesquioxanes,
the intrinsic polymer structures are applicable for solution pro-
cessing techniques, such as spin-coating and ink-jet printing,
which are more suitable than thermal evaporation for large-area
devices. Moreover, polysiloxanes present a higher transparency
than POSS-based materials. Therefore, polysiloxanes are excellent
candidates for solution-processed blue PhOLEDs.

A ladder polysilsesquioxane containing 3-methyl-1,5-diphenyl-
benzene substituents (Tp-LPSQ) was the first polysiloxane host
material for solution-processed blue PhOLEDs (Fig. 20).>* Polymer
Tp-LPSQ was obtained by a supramolecular template directed
coupling polymerization. The ladder polysilsesquioxane possesses
excellent resistance to thermal, chemical and irradiation degrada-
tion due to the stable double-stranded molecular structure.
Tp-LPSQ also exhibits a wide bandgap of ca. 4.0 eV and high
Er of 2.82 eV. The Flrpic-based OLED with a traditional device
configuration reaches a brightness of Ly, 883 ¢d m™>
8.7 cd A7, and #p max 3.1 Im W' with EQE of 4.6%.

A FIrpic-based OLED was also fabricated with a cyclic polysilox-
ane host and dibenzothiophene side groups (BS-PSQ) (Fig. 21).*
The molecule has similar thermal and optical properties to the
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Fig. 20 Chemical structure of Tp-LPSQ.
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Fig. 21 Chemical structures of BS-PSQ and BS-LPSQ.
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POSS-based materials, in addition to a wide band gap of ca. 3.88 eV
and a high Er of 2.84 eV. The device exhibited #¢max 4.5 cd At
(24 Im W', EQE 2.5%). However, the PL spectra of BS-PSQ
indicated aggregation in the solid film. To solve this problem, a
ladder polysilsesquioxane (BS-LPSQ) based on the same pendant
was developed (Fig. 21).>° The limited conformational freedom of
the ladder analogue is expected to reduce the electron delocaliza-
tion of the conjugated polymer and thus suppress aggregation.
Thus, a slightly enhanced performance was realized with 7¢ max
59cd A" (3.1 Im W', EQE 2.9%).

The use of linear polysiloxane instead of ladder or cyclic
systems is advantageous in that the desired product can be
more easily synthesized and the properties can be manipulated
more freely by expanding the range of functional units. In
addition, the alkyl chain bridge between the silicon atom and
functional pendants can be eliminated, thus avoiding aggrega-
tion due to reduced mobility of pendants.

(H3C)3Si—O[Séi;O<]n—Si(CH3)3 (H;C)3Si—0{'Si—0—l;Si(CH3)3
'3

PCzMSi PCzPhSi
(H3C)3Sl—0 Si-0 Sl(CH3)3 S1—0~]-
CH3 CH; In
ODCzMSi PTPAMSi

Fig. 22 Chemical structures of hole-transporting linear polysiloxane hosts.
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Therefore, a wide array of linear polysiloxane-based hole-
dominant hosts were synthesized by attaching popular high
triplet energy carbazole or arylamine units (Fig. 22).*°™*" The
flexible polysiloxane main chain with methyl or phenyl groups
attached to Si enhances the formation of morphologically
stable amorphous films and improves the solubility. The
FIrpic-based OLEDs using these polysiloxane hosts show good
overall performance with maximum EQE of >10% at practical
luminance, which are among the most efficient solution-
processed blue PhOLEDs, suggesting the superiority of linear
polysiloxane hosts. Typically, using PCzMSi or PCzPhSi as the
blue phosphorescent host, relatively low turn-on voltages of
5.5 and 5.1 V, EQEnay 11.9% and 11.0%, 7je max 22.8 and 20.7 cd A~
are obtained, respectively, as shown in Fig. 23.*°

Based on condensation polymerization reactions, a bipolar
polysiloxane host has been synthesized. This design strategy
serves to balance the hole and electron transport within the
emitting layer. PCzPOMSi (Fig. 24) has been used to host the
deep blue emitter FCNIrpic.*® A PCzPOMSi/FCNIrpic-based
device shows a turn-on voltage of 7.7 V, EQEpnax 4% and 7¢ max
of 8.5 cd A™'. Therefore, polysiloxane derivatives are well
established as host materials for solution-processed PhOLEDs.

3. Conclusions and perspectives

In this review, we have demonstrated that arylsilanes and
siloxanes are very promising optoelectronic materials with
particular importance in OLED applications. The key features
of these materials are their structural versatility, good solubility
and excellent resistance to thermal, chemical and irradiation
degradations. However, it is clear that considerable critical
challenges still remain to be solved. We expect that future
research will emphasize the following areas of development,
which should favour the realization of higher efficiency and
longer-lifetime OLEDs based on arylsilanes and siloxanes:

(1) In comparison to small molecules, polymers have the
advantage of being applicable in larger area display and light-
ing technologies at much lower manufacturing costs via
solution processing deposition techniques because of their
good film-forming ability. Thus, new polymers based on arylsilanes
and siloxanes are in demand.

(2) Phosphorescent OLEDs using polysiloxanes or poly-
arylsilanes as hosts for iridium complexes, or bearing the

9506 | J. Mater. Chem. C, 2015, 3, 9496-9508
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complexes as pendant units, offer scope for further enhance-
ment of device efficiency, for both monochromatic and white-
emitting devices. New organometallic phosphors and TADF
molecules, especially deep blue emitters, should be explored
with these hosts.

(3) Most of the reported arylsilanes and siloxanes possess
good hole-transporting ability. Therefore, the solution process-
able electron transporting analogues based on small molecules
or polymers with high thermal stability, high electron mobility
and high triplet energy are critical for extending their applica-
tions in OLEDs.
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