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The field of organic light-emitting devices (OLEDs) has undergone a remarkable journey since its discovery by
Tang and VanSlyke with an alternation of utilizing fluorescence and phosphorescence as the emitting vehicle.
The latest generation of thermally activated delayed fluorescence (TADF) materials harvest triplet excited states
back into the singlet manifold. This booming field has yielded a large array of new compounds as both emitters
and hosts. This review is limited to TADF emitters utilizing at least one carbazole unit as a donor and organized
according to the various acceptor building blocks such as cyanophenyl, pyridine, biphenyls, anthraquinone,
phenyl(pyridine-2-y)methanone, benzophenone, xanthon, sulfones, triazines, benzils, dicyanopyrazines,
diazatriphenylene, and others. A survey of carbazole-containing host materials follows. Density functional
theory (DFT) has carved out a significant role in allowing the theoretical prediction of ground state properties
for materials applied in OLED technology. Time-dependent DFT extends the reach to model excited state
properties important to rationalize the light-output in OLED technology. For TADF, two fundamental factors
are of interest: significant separation of frontier molecular orbitals and minimal singlet—triplet energy gap
(AEsT). In this review, the utilization of DFT calculations to optimize geometries for the visualization of frontier

Received 16th May 2017, molecular orbital separation was surveyed to find that the B3LYP/6-31G(d) level of theory is the over-

Accepted 10th July 2017 whelmingly used approach. In addition, we review the more in-depth approaches to utilizing DFT and
DOI: 10.1039/c7tc02156a time-dependent DFT (TD-DFT) with optimized percentage Hartree—Fock (OHF) and long-range corrected
hybrid functionals, tuning procedures and others in an attempt to best quantify the size of AEst as well as

rsc.li/materials-c the nature of the triplet state as locally excited state (LE) and charge-transfer state (CT).
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OLEDs - an introduction

In an organic light-emitting device (OLED), light is generated by
recombination of electrically generated, bound electron-hole
pairs, called excitons. Excitons are generally formed via one of
two operating mechanisms, direct charge carrier recombina-
tion of injected charge carriers (electrons from the cathode and
holes from the anode) or host-to-dopant energy transfer under
the application of an energy transfer mechanism (Forster or
Dexter). Spin statistics thereby predicts exciton formation as 25%
of the time as singlet and 75% of the time as triplet." Singlet
excitons produce electroluminescence by a fast process called
fluorescence. Triplet excitons produce electroluminescence by
a slow process called phosphorescence. Emission is thereby
governed by selection rules known as El-Sayed rules.” Specifically
in the case of purely organic materials, slow radiative decay rates are
observed, which effectively compete only at very low temperature,
generally 77 K. At this temperature, competing non-radiative
decay processes are slowed down and phosphorescence is
observed. Thus, at ambient temperature, these triplet excitons
are generally lost by non-radiative decay processes.

The development of OLED technology has gained tremendous
strides. The first generation devices were based on harvesting
the emission generated from singlet excitons.® Hence, the first
generation OLED devices were inherently limited to an internal
maximum quantum efficiency of 25% since triplet excitons were
lost predominantly by non-radiative transitions as outlined above.*
The maximum theoretical external quantum efficiency is <5%
in fluorescent OLEDs, which can be calculated using eqn (1).>°

Hext = Nintlout = MMst@rprlout (1)

With #;, being the internal electroluminescence quantum
efficiency, 1.4 the light outcoupling efficiency (0.2-0.3), 7 the
charge balance factor, st the fraction of radiative excitons, i.e.
0.25 for fluorescence-based OLEDs, and @p; photolumines-
cence quantum yield of emitter.®

The second generation OLED devices were the result of
a major breakthrough in improving the external quantum
efficiency, achieved through the introduction of transition metal
complexes. Therein, phosphorescence-based OLEDs named
PHOLEDs based on organometallic phosphors containing noble
metals were utilized to harvest the 75% triplet excitons. These
PHOLED devices achieved close to 100% internal quantum
efficiency due to singlet-triplet mixing through effective spin—-
orbit coupling.”® However, transition metal complexes” based on
metals such as iridium," platinum,"*™** osmium,** europium,*
and ruthenium™® are costly and scarce resources of low abun-
dance, and are as such not sustainable for mass consumer
goods applications. In addition, upon disposal, these materials
are potentially harmful for the environment."” Significant draw-
backs were observed for PHOLEDs due to exciton annihilation
among the long-lived triplet states (us to ms), weakness of
the chemical bonds to the metals leading to decomposition,
and limited molecular design opportunity due to the restriction
set forth by the nature of the geometry of the transition metal
complexes.
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Both, triplet-triplet annihilation (TTA) and thermally acti-
vated delayed fluorescence (TADF) allow dark triplet states to be
harnessed by repopulating singlet excitons.'® TTA is also called
P-type delayed fluorescence as it was first observed in pyrene.
TADF is also called E-type delayed fluorescence as it was first
observed in eosin. The application of TTA for OLEDs allowed
the theoretical limit of 25% to be exceeded; however, an
inherent limitation for the formation of radiative excitons was
shown to be (25% + 75% x 0.5) = 62.5%."° The third generation
of OLED technology arose from TADF. In TADF materials, the
absorption of environmental thermal energy leads to augmen-
tation of the population of the electro-generated emissive
singlet excitons from electro-generated, non-radiative triplet
excitons®?® by a process called reverse intersystem crossing
(RISC) followed by emission. This ensuing light emission is
thus, by majority, delayed fluorescence.?! RISC occurs effectively
if the singlet-triplet energy gap (AEsy) is small, eqn (2).*?

Prisc € krisc = krisc’ eXp[*AEST/ (kBT)] (2)

With ®gisc quantum yield of RISC, kgysc rate constant of RISC; kg
Boltzmann constant; T absolute temperature. Thus, materials of
this third generation of OLEDs, exhibiting TADF, have augmented
fluorescence due to harnessing of triplet excitons into the emissive
singlet manifold and this route enables a near 100% internal
maximum quantum efficiency to be achieved.?

Notably, triplet to singlet transitions are forbidden when
considering the zero order approximation. TADF herein takes
advantage of first order mixing that includes spin-orbit and
electron spin interactions. The spin-orbit coefficient 4 relates spin
orbit interaction (Hsp) to A Egy as described by eqn (3).>* Spin orbit
coupling thereby means an electromagnetic interaction between
the electron’s spin and the magnetic field created by the electron
orbiting around the nucleus, the small AEgr maximizes spin-
orbit coupling and thus favors the transition.

Hso _ (Ti|HsolS1)

A= = 3
AEST ES] — ETl ( )

Among organic molecules, those with n-n* transitions such
as aromatic ketones have small AEgr of around 0.1-0.2 eV.**
However, these aromatic ketones do not show fluorescence.
Aromatic hydrocarbons show m-n* transitions and have large
singlet triplet gaps of >1.0 eV and therefore do not directly

1
exhibit TADF behavior. A small exchange integral (Jif = EAEST>

for S; is proportional to the orbital overlap integral
(Sit = (¢; | ¢¢)) and the orbital overlap integral is related to
the spatial overlap of orbitals.>

Materials with TADF behavior are designed under applica-
tion of several design principles. The design principles for
TADF materials include the separation of relevant transition
orbitals in order to minimize AEs;'® as outlined above. Often
this statement is reduced to the separation of the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). This, of course, implies the assump-
tion that S; is a HOMO-LUMO transition, which, depending on
the structure, is not necessarily the case. A separation of overlap
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to minimize AEsy can be achieved through a twisted inter-
molecular charge transfer (TICT)***” framework, which allows only
a small relaxation energy due to steric hindrance between donor
and acceptor moieties and localization of the triplet exciton or the
enlargement of the distance separating electrons (r; — r,) of the
columbic interaction operator.>® Donor-acceptor (D-A) compounds
trigger intermolecular charge transfer (ICT) states, whereby an
employed change in solvent polarity modulates the emission
properties by specifically stabilizing the charge-transfer (CT)
state over the locally excited (LE) state according to eqn (4).>°

Yicr = €1|D*A)roc + €2|DA*) 1o + ¢3|D'A ) cr (4)

It has to be noted here that the molecular configurations involved
in the transition (S; < T,) may not necessarily be the same for
the excited singlet and excited triplet state. For example, TADF
may occur as a RISC process between a locally excited triplet
state (*LE) of a donor and the charge-transfer state 'CT of the
TADF emitter.® In general, molecules with AEgy of <100 meV
are particularly suitable for TADF applications.”!

Moving to the device preparation point of view, the process of
determining AEsr from solution data by the energy differences
of the singlet excited state derived from room temperature
fluorescence spectra and triplet excited state from low tempera-
ture phosphorescence leads to a significantly different value for
AEgr in comparison to the data obtained in a host film at room
temperature after extracting the barrier to RISC as shown by Lee
et al** and Santos et al.>**® These AEg; differences are particu-
larly important to consider, when choosing experimental data
for benchmark studies using computational approaches.

With enough thermal energy present in the system, the
thermally activated RISC pathway leads to internal quantum
efficiencies (IQEs) of unity considering the singlet state.

The design principle also needs to include the consideration
that at the same time, the S, state needs to remain radiative. The
radiative decay rate (k) constant is dependent on oscillator
strength, ie. overlap integral. Thus, a minimal orbital overlap®!
needs to be maintained between the relevant orbital energy levels
to ensure that the high k; of the radiative decay rates is >10°s™".*'

Highly efficient electroluminescence from TADF emitters is
ensured by dispersing TADF emitters at a low concentration
into a suitable host matrix in an effort to minimize concen-
tration quenching and TTA.?**" The role of the host matrix is
highlighted in detail below.

Both TADF and PHOLEDs can achieve 100% internal quantum
efficiency; these devices utilize singlet and triplet excitons as the
emitting state, respectively. The external quantum efficiency (EQE)
has reached up to 25% for blue, red and green devices in
PHOLEDs, while the EQE in TADF lags slightly behind, particularly
for blue TADF devices.>* Organic synthesis of molecules towards
TADF applications is rich in material diversity. The emitting
species in TADF are lower in energy (singlet, triplet) when
comparing the emission wavelength of both types of devices.
Thus, the driving voltage in TADF devices may be lower since a
narrower bandgap host material may be used.*

Similar to PHOLEDS, blue TADF-based OLED devices exhibit
efficiency roll-off at high current density. Roll-off behavior is

8624 | J Mater. Chem. C, 2017, 5, 8622-8653
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characterized by a decrease of device efficiency when high
luminance is attempted under high current conditions.****
PHOLEDs exhibit roll-off behavior attributed to long triplet
lifetimes (ty) and large AEgr. Thus, shortening the excited state
lifetime (trapr) may suppress TTA, singlet-triplet annihilation
(STA) or triplet polaron exciton annihilation®® and minimize
AEsr and thereby may lead to TADF devices with minimal
efficiency roll-off.>>*7

A large range of building blocks have been used as a
foundation for TADF materials including acridines,**™*"
phenoxazines,*> spirobased hydrocarbons,*>™** pyridines,*®
anthraquinones,”” oxadiazoles,**>° phosphine oxides,>'™*
dihydrophenazines, heptaazaphenalenes,® triazines,
dicyanobenzenes (phthalonitriles),*® diphenylsulfones,”” aryl-
ketones such as xanthone,* benzophenones,*® thioxanthones,*®
heptazines,*® and cuprous complexes in their specific role
as donor and acceptor moieties.®""®> However, acridines and
diphenylsulfones were shown to be chemically unstable under
device conditions.®® A series of reviews on TADF materials and
devices have been published in foreign languages.®*”* Adachi’s
most recent review written in Japanese on the third generation
organic electroluminescence was translated into English;® the
review by Tao et al. traces a timeline of development in the field
of TADF materials across a wide range of classes of materials.”
The review of Bergmann et al.”? specifically compares organic
and metal-organic TADF materials. Therein, an overview of the
origin of the TADF phenomenon is given, the chronologic
appearance of materials for TADF as well as the status quo.
Leitl et al. specifically reviewed Cu(i) complexes as applied in
TADF applications.”” In parallel with our work on this review,
Wong and Zysman-Colman’® published a seminal review on
purely organic TADF materials for OLEDs. Herein, we focus
solely on carbazole-containing materials for TADF applications.
We trace the development of understanding the TADF process
along this journey as emitters and hosts in oligomers, dendrimers
and others. A short survey of computational approaches to assess
molecules in TADF applications and further their understanding
is presented.

55,56

Carbazole

Carbazole has been widely used toward optoelectronic device
applications in general as a source for host materials and emitters
in the form of oligomers, dendrimers and polymers.”*”® Carbazole
is an excellent hole-transporter.>® The advantages of carbazole as
an organic material are highlighted in four fundamental advan-
tages, (1) inexpensive starting material; (2) ease of functionaliza-
tion at the nitrogen atom and thus property modification without
altering the backbone; (3) several linkage positions on the carba-
zole backbone; (4) aromatic properties that confer stability under a
wide range of conditions.”® Before the application of carbazole in
TADF is explored, some fundamental spectroscopic and electro-
chemical properties of carbazole are reviewed.

1878 marks the first reference to carbazole in the scientific
literature.®® Carbazole was then extracted from the anthracene

This journal is © The Royal Society of Chemistry 2017
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fraction of coal tar. In the ground state, carbazole shows
hydrogen bonded complexes. Solvents containing OH groups,
form complexes with carbazole of NH---O type in preference
over OH- - -7 type, as well as a bend in the molecular geometry.
The dipole moment of carbazole changes from 2 D in the
ground state to 3.1 D in the first excited state.®' The absorption
spectrum of carbazole in methanol is characterized by three
weak absorption bands at 335 nm, 323 nm and 294 nm with
extinction coefficients around 10> M~" em ™" and an additional
three absorption bands at 252 nm, 244 nm and 233 nm with a
10 fold higher extinction coefficient of 10* M~ em™".%* The
absorption spectrum in a single-crystal matrix of fluorene at
very low temperature (15 K) yields absorption bands at 330 nm,
290 nm, 255 nm, and 230 nm. The absorption as well as the
high fluorescence emission properties of carbazole appear to be
similar in nature to 1 — 7* transitions due to the fact that the
non-bonding electron pair of the singly bonded nitrogen is
perpendicular to the ring plane, thus allowing the effective
overlap with the m orbitals of the neighboring carbons.'®
Carbazole shows the two first absorption bands with low lying
states of 'A; and 'B; symmetry,®! wherein A, is of lower energy
level.®* No significant change in the equilibrium nuclear
configuration is observed giving rise to the absence of signifi-
cant progression in the vibrational mode. A linear relationship
and rise in intensity between the 'L;, band and the polarity of
the solvent is observed.®® Replacing the N-H hydrogen with
alkyl groups significantly only effects the absorption wave-
length of the 'L, band.**

Studies involving the photoselection technique indicate that
the lowest lying absorption band and fluorescence band exhibit
significant mixed polarization hinting toward a forbidden
character for both.®> A mirror image symmetry is observed for
the absorption and fluorescence emission bands of carbazole.
The fluorescence quantum efficiency of carbazole is reported at
0.38.2%% The fluorescence lifetime of carbazole is 15 ns at 77 K
in polar EPA (diethyl ether, isopentane and ethanol (5:5:2))
solvent.®® Carbazole has a high Er of 3.02 eV®® and the lowest
energy triplet state is assigned to *L,.*> A phosphorescence
lifetime of 7.7 s was determined at 77 K in polar EPA.* Hereby,
the phosphorescence is influenced by the direct spin-orbit
coupling mechanism to the 'B, ground state.®® It is worth noting
that the triplet energy of carbazole is higher in comparison to
related biphenyl compounds such as fluorene and biphenyl with
2.90 eV and 2.94 eV, respectively.”

The electrochemical behavior of carbazole was thoroughly
reviewed by Karon and Lapkowski.®' Nascent carbazole exhibits
one-electron oxidation with a potential of 1.2 eV vs. SCE. The
oxidation leads to dicarbazyls and is sensitive to pH. The cation
is unstable unless the nitrogen as well as positions 3 and 6 of
the ring system are blocked.””

For all of the following materials shown as structures in
Fig. 1-12, the material’s data in terms of photophysical, electro-
chemical, and device performance are summarized in Tables 1-3.
The absence of standardized reporting of device characteristics
along with a variety of approaches to determine and report
HOMO/LUMO data is noted. The US Department of Energy

This journal is © The Royal Society of Chemistry 2017
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provides the OLED Testing Program®® geared towards the OLED
community to accelerate research in this field. Initiatives such
as this may serve as an incubator to develop guidelines for
reporting to allow cross comparison. Whenever experimental
data were only presented in figures, no value was entered
in the tables. Quantum yields of TADF materials in thin films
were reported unless the data was acquired in NPD or other
host materials.

Carbazole-based materials as TADF
emitters

Uoyama et al. realized design restraints using carbazolyl dicyano-
benzene (CDCB) materials, a system of two components, i.e.
carbazoles acting as donor units and dicyanobenzenes acting as
the acceptor unit, both of which are distorted from each other
leading to a situation that the HOMO and LUMO are localized
on each part separately with an observed small AEg;. TADF
materials included 2CzPN, 4CzPN, 4CzIPN, 4CzTPN, 4CzTPN-Me,
and 4CzTPN-Ph, Fig. 1.>' Increasing the power efficiency of a
device is achieved through decreasing the drive voltage. Thereby,
Seino et al. were able to utilize 4CzIPN to create a device
designed with carrier- and exciton confinement combined with
energy transfer from an exciplex to create a green OLED with
a high power efficiency of over 100 Im W~ . This performance
is comparable to PHOLEDs containing iridium-based emitting
species.”

Masui showed a significant spectral overlap between S; and
T,-T,, absorption in 2CzPN (Fig. 1), which in the presence of
significant singlet exciton density explains an exciton quenching
mechanism based on both STA, and TTA mechanisms to be
responsible for the significant external quantum efficiency (1gqr)
roll-off behavior.”®

Kretzschmar et al. started with the popular TADF fluorophors
4CzIPN and 4CZzTPN (Fig. 1) and derived mono and dihalogenated
derivatives with the results of materials of low singlet-triplet gap
of ~0.04 eV (experimentally determined), and fluorescence life-
times combined with improved ISC due to heavy-atom effects of
the halogens.”® No device data was reported.

The reduced operational stability observed in TADF devices
may be due to the long-lived triplet energy species leading to
unwanted chemical reactions. The introduction of an assistant
dopant with large ki;. ~ 10°, 4CzIPN-Me (Fig. 1), along with
an emitting species 2,8-di[t-butyl]-5,11-di[4-(¢-butyl)phenyl]-6,12-
diphenylnaphthacene (TBRD) allowed the suppression of TTA
due to Forster energy transfer between the singlet excited
4CzIPN-Me and TBRb at highly optimized concentrations.’”
Devices that included an assistant dopant exhibited increased
operational lifetime (time at which luminance drops to 0.5 of the
initial luminance). This lifetime is 5 hours for the traditional
TBRb-based OLED device, 1472 hours for the 4CzIPN-Me-based
TADF device and 3775 hours for the TADF-device containing
the assistant dopant (termed TAF-device). Device stability may
thereby be achieved with assistant fluorophores with even
shorter triplet lifetimes.

J. Mater. Chem. C, 2017, 5, 8622-8653 | 8625
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Fig. 1 Structures of carbazolyl cyanobenzene derivatives, tetra and pentacabazoylpyridine and benzenes, and carbazoylated biphenyls.

Sun et al. reported a much improved blue-emitting TADF
device based on a mixed co-host system of mCP:PO15 (2,8-
bis(diphenylphosphoryl)dibenzothiophene) to improve efficiency
roll-off through charge balance. The comparison to previous
devices of a similar structure points toward the efficiency roll-off
being grounded in an exciton quenching processes due to STA
and TTA due to the slow reverse intersystem crossing rate (krisc)
of the emitter 2CzPN, Fig. 1.°®

Wang et al.”® reported 4CzIPN (Fig. 1) and utilized this material
to provide evidence that the mechanism of electroluminescence of
devices based on 4CzIPN is based on the recombination of injected
carriers in the (near) absence of energy transfer processes.

On the other hand, Kim et al.'° utilized 4CzIPN, which has
a deep lying HOMO level, to create a solution-based simplified
OLED device. The integration of a deep HOMO level buffered
material hole injection layer, which due to its self-assembly
process has an increased work function as well as an engi-
neered emission layer, avoids exciton quenching.

Cho et al.'® prepared materials for solution-processable
TADF approaches by inclusion of methyl groups and t-butyl
groups in the 3,6 positions on each of the four carbazole
substituents of the 4CzIPN emitter leading to new materials

8626 | J. Mater. Chem. C, 2017, 5, 8622—-8653

m4CzIPN and t4CzIPN. The t-butyl groups led to increased
solubility and stabilized film morphologies, Fig. 1. Devices were
prepared both in solution and by vacuum processing.

White organic light emitting devices (WOLEDs) are used
in lighting and display applications. Carbazole-based TADF
materials have been utilized for WOLED applications.'*>™*%”
For example, DCZIPN (Fig. 1)'°*'%° was utilized in a hybrid device
construct serving as both a blue emitter and a PHOLED host for
yellow emitters in WOLED applications by Cho et al. where an
external quantum efficiency of more than 20% was reached
with CIE coordinates of 0.31, 0.33.

Mei et al. studied and introduced the non-conjugated negative
inductive, ie. electron withdrawing, effect on TADF materials.
Therein, trifluoromethyl was included in tetra- and pentacarbazolyl
substituted TADF materials as an electron acceptor unit leading
to 4CzCF;Ph and 5CzCF;Ph for solution processing, Fig. 1.''°
Compound 4CzCF;Ph showed blue emission, while 5CzCF;Ph
showed a lower turn-on voltage of 3.9 eV attributed to the higher
HOMO energy level and higher luminance of 2436 cd m™~> due
to the smaller singlet-triplet gap.

The TADF materials 4CzBN and 5CzBN (also reported as 5CzCN)
were utilized by Zhang et al. to explore the shielding effect of

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tc02156a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 11 July 2017. Downloaded on 4/5/2026 6:22:11 AM.

(cc)

Review

O o
~

AQ-DTBu-Cz

- & i

(0
OO

BPy-p3C

- 0
00,00 o

&)

o
| X
N =

View Article Online

Journal of Materials Chemistry C

oo 08

BPy-pC: R=H
BPy-pTC: R=CHj;

. O

BPy-p2C

DCBPy: R=H

mDCBP
DTCBPy: R='Bu

> g

BPBCz

(2 .
~ ol G
Gl

MCz-XT

p-TCz-XT

m-TCz-XT

Fig. 2 TADF-materials based on anthraquinone, phenyl(pyridin-2-yl)methanone, benzophenone, and xanthone.

steric crowding by ¢-butyl groups to create 4TCzBN shielded as
5TCzBN, see Fig. 1. The modification led to a small reduction of
AEgr, and an increase in oscillator strength (f). This effected the
PL efficiencies, with minimal modification to the CIE coordinates,
yet an improvement of the operational lifetime of the devices by
2.7 fold for 4TCzBN vs. 4CzBN and 4.6 fold for 5TCzBN vs.
5CzBN, respectively.'""

Two materials wherein the carbazole units were fused
to benzofuran, BFCz-2CN, and benzothiophene, BTCz-2CN
(Fig. 1), units were introduced by Lee et al.**> in an effort to
extend the repertoire of carbazole-based donor units. The TADF
materials showed quantum efficiencies of 12% at a doping
concentration of 1%.

Tang et al."'*> modified a previous host material for PHOLEDs,
2,3,5,6-tetracarbazylylpyridine (4CzPy), by inclusion of a cyanogroup

This journal is © The Royal Society of Chemistry 2017

in position 4 leading to 4CzCNPy (Fig. 1), a green-emitter.
Solution-processing led to a bilayer-device with TADF capability
with green emission.

Zhang et al. attempted to improve blue-emitting species
for TADF applications and included the fluorine atom as a
second electron acceptor next to nitrile on 4CzBN to create
CyFbCz, (Fig. 1). The modulated bandgap resulted in a low
turn-on voltage of 4.1 V and good color stability with the
Commission Internationale de L’Eclairage (CIE) coordinates
of 0.18, 0.13.'*3

Cho et al. prepared a blue-emitting TADF material 5CzCN
(Fig. 1) to address the low performance of blue-emitting TADF
materials for both vacuum and solution processing. The group
chose benzonitrile as the acceptor unit and five carbazole units
as donor units and showed a maximum external quantum
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efficiency of 19.7% and 18.7% in vacuum deposited and
solution processed TADF devices, respectively.'™*

Starting with the green-emitting 4CzIPN, Tanimoto et al.'*
replaced one nitrile group with a carbazole unit to create 5CzBN
(Fig. 1) in an effort to shift the emission to the blue wavelength.
Coincidentally, this material was also reported by Zhang
et al."" and Cho et al.""*

Cho et al. addressed two major challenges of blue-emitting
TADF materials, i.e. broad emission spectra with a large full-
width half maximum (FWHM) of 70-80 nm due to the CT as
well as the issue of colour purity. The application of interlocked
donor species as the core and organizing the electron donating
and withdrawing species along the backbone resulted in new
materials CNBPCz and CzBPCN (Fig. 1) for TADF materials,
the latter of which showed a FWHM of only 48 nm and a high
EQE of 14%.'1°

Cho et al. designed dual-emitting core DDCzIPN based on
the DCzIPN TADF material in an effort to increase the photo-
luminescence quantum efficiency of the emitter itself and the
emitter in devices. DDCzIPN showed improved maximum
external quantum efficiency, Fig. 1.""”

Zhang et al. prepared anthraquinone-based TADF mole-
cules. The group prepared a large series of bipolar molecules
composed of a donor-n-acceptor-n-donor-pattern and utilized
anthraquinone as the acceptor unit in an attempt to achieve
high-efficiency and short lifetime TADF materials. Among others,
sterically substituted carbazole units were utilized as donors
(AQ-DTBu-Cz), Fig. 2. Particularly, the carbazole-derivatives

8628 | J Mater. Chem. C, 2017, 5, 8622-8653

CeH1 3
4d

CegHi3

exhibited high roll-off behavior and undesirable rotational
relaxation of the excited state, ie. non-radiative decay. The
study concluded that red fluorescent TADF molecules pose still
challenges due to an unfavorable energy gap law leading to
large non-radiative decay rates.*’

Rajamalli utilized the benzoylpyidine (BP) building block
decorated with carbazole units.""®'"® Specifically, mDCBP (Fig. 2)
exhibited mechano- and piezochromism."® Four devices were
prepared with 10-30 wt% mDCBP in DPEPO. The blue emitter
reached an external quantum efficiency of 18.4% as reported in
Table 1, wherein the data reported is for 30 wt%.

The concept of wide dispersion of the HOMO was utilized in
a series of donors ranging from carbazole (BPy-pC), to t-buyl-
carbazole (BPy-pTc), to 3,9'-bicarbazole (BPy-p2C) to 9,3’:6',9”
tercarbazole (BPy-p3C) combined with a BP building block to
prepare improved blue emitters, Fig. 2."*° Significantly, BPy-p3C
showed dispersion of the HOMO over the entire donor building
block, which led to narrow singlet-triplet splitting. In addition, an
increase in the number of carbazoles increases the EQE to 23.9%.

In addition, Rajamalli et al. included two nascent or two
t-butylcarbazole donor units on the meta- and ortho-carbons of
the benzoylpyridines acceptor, i.e. para to each other, to create
DCBPy and DTCBPy (Fig. 2). Herein, the group applied the
concept of intramolecular space interactions between the donor
and acceptor units to create molecules with small AEgy of 0.03
and 0.04 eV and EQE of above 24%.'8

Kim et al.'*' utilized a strong 3,3’-bicarbazole-donor unit
to prepare a benzophenone-derivative entitled BPBCz (Fig. 2).

This journal is © The Royal Society of Chemistry 2017
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Carbazole is termed as a weak donor in this study, based on the
computational results of the frontier molecular orbitals. Both
compounds follow the DAD-type construct. BPBCz is a blue
emitting species with 23.3% quantum efficiency, wherein the
biscarbazole unit extended the lifetime of the device compared
to an acridine-donor device.

Lee et al.>® prepared a tetramethylated carbazole-unit linked
to xanthon entitled MCz-XT (Fig. 2) along with a series of
xanthon-based TADF materials to address the Dexter energy
transfer that is the predominating factor for concentration
quenching in TADF materials. In Dexter energy transfer, triplet
excitons interact via electron-exchange interactions of triplet
excitons, whereby a minimal modulation of the molecular
geometry in the emitter allows quenching to be suppressed. In a
second study, Lee et al.'** prepared p-TCz-XT and m-TCz-XT (Fig. 2)
to investigate the effect of regioisomers of para-(3-substituted
xanthon) vs. meta-(2-substituted xanthon) linkage in TADF perfor-
mance, Fig. 2. The compound p-TCzXT exhibited higher photo-
luminescence quantum yield and shorter TADF-lifetime and
thus outperformed the other material with a 14.4% EQE.

Zhang et al. presented three diphenylsulfone-based TADF
materials as pure blue emitters, one of which contained carbazole
as a building block with DitBu-DPS, Fig. 3."** The CIE coordinates
of the EL for a device based on this materials are (0.15, 0.07),
close to the National Television Standards Committee (NTSC)

This journal is © The Royal Society of Chemistry 2017
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standard blue with CIE coordinates of (0.14, 0.08). Blue fluorescent
OLEDs with pure blue emission of CIEy > 0.1 are still difficult
to achieve with transition metal-based PHOLED materials.

A carbazole-containing thioxanthon derivative, TXO-PhCz (Fig. 3)
was prepared by Wang et al.’>® Doping of emitters in a suitable
host is a crucial and challenging process in the formation of
TADF devices. Meng et al.'** utilized TXO-PhCz to prepare a
multiquantum well structure in the emitting layer to create a
nondoped TADF-based OLED with an EQE of 22.6%.

Sun et al.'*® prepared tCzDPSO2, a molecule that showed
only aggregation-induced emission. Replacing one single unit
of carbazole with triscarbazole resulted in 3tCzDSO2 (Fig. 3), a
chromophore that in addition to aggregation-induced emission
showed TADF behavior.

Huang et al. prepared TADF materials utilizing carbazole
donors and diphenylsulfone acceptors, 4-TC-DPS, 4-PC-DPS,
3-TC-DPS and 3-PC-DPS (Fig. 3); however, no device data was
aquired.”® Only 3-TC-DPS and 4-TC-DPS had singlet-triplet
splittings at or below 0.24 eV.

Dias et al. completed a study of donor-acceptor-donor
(DAD) and donor-donor-donor compounds with a range of
donor and acceptor units. Carbazole-containing compounds
2d, 3d, and 4d showed TADF behavior, Fig. 3.”” The group
showed that even with singlet-triplet gaps (*CT->rn*) of more
than 0.3 eV a TADF efficiency of unity can be achieved.

J. Mater. Chem. C, 2017, 5, 8622-8653 | 8629
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Significantly, a linearly disubstituted acceptor unit leads to weak
phosphorescence independent of the donor and acceptor units
applied. Only compound 2d containing the dibenzothiophene-S,S-
dioxide acceptor shows pure TADF behavior in the absence of TTA.

Chang et al. developed carbazole-triazine derivative CzT
(Fig. 4) to serve as a host material for green PHOLEDs."*” Due
to the presence of special separation of the HOMO-LUMO
orbitals as investigated by density functional theory (DFT)
calculations, SereviCius et al. utilized CzT and a derivative
PhCZTAZ for TADF applications.'*® Even though both mole-
cules CzT and PhCzTAZ contain carbazole and triazine units,
only CzT exhibited TADF behavior while PhCzTAZ did not.
PhCzTAZ has a large singlet-triplet energy gap of 0.48 eV and
0.2 eV in hexane and toluene, respectively explaining the absence

8630 | J Mater. Chem. C, 2017, 5, 8622—-8653

of TADF behavior. The molecule CzT exhibits solvent polarity
dependent state switching for the singlet states between LE
(hexane) and ICT (toluene). The singlet-triplet energy gap is
observed as 0.085 €V in hexane and 0.008 eV in toluene.

The second approach utilizing benzofuran-fused carbazoles,
i.e. a benzofurocarbazole donor with a diphenyltriazine acceptor
to prepare blue emitters was presented by Lee et al.'*® The o- vs.
m- vs. p-linkages via a phenyl group resulted in compounds
0BFCzTrz, mBFCzTrz, and pBFCzTrz (Fig. 4), which showed
singlet-triplet energy gaps of 0.05, 0.11, and 0.25 eV, respectively.
The o-linked material also showed a quantum efficiency of 20%
and minimal efficiency roll-off.

Lee et al.**’ raised the EQE for green and blue TADF devices
up to 25% by evenly dispersing the HOMO of the TADF emitter

This journal is © The Royal Society of Chemistry 2017
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over the entire donor unit with the concept of repeating the
same donor unit multiple times. The compounds included
DCzmCzTrz (first reported by Kim et al.**°), TCzTrz, and TmCzTrz,
Fig. 4. In addition, the optimization of the dopant concen-
tration led to balanced hole and electron levels thus resulting in
improved hole injection.

In search for strong donor moieties, Yoo et al. utilized two
differently fused indoloacridines [2,3-b] vs. [2,3-c] entitled 3IA
and 4IA, respectively, which were the basis for new materials
3DPTIA and 4DPTIA, Fig. 4.*! Based on computational modeling,
41A was expected to experience steric hindrance in line with a
TICT.>*”” Consequently, it was shown that only 4DPTIA exhibited
TADF behavior, while 4IA was a stronger donor unit compared

View Article Online
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to 3IA. Both 4DPTIA and 3DPTIA were characterized as facil-
itating hole-transport.

Mayr et al. identified that alignment of dipole moments
of emitting molecules such as CC2TA (Fig. 4) along with the
inclusion of TADF capability significantly increases the external
quantum efficiency beyond the typical limit of OLED devices.”®

High singlet-triplet splitting is attributed to the phenyl linker,
which serves to connect the carbazole-donor with a diphenyltri-
azine acceptor in TADF materials. Thus, an effort to minimize this
splitting in blue emitters was applied by Kim et al. by utilizing
1-carbazolylcarbazole as opposed to 3-carbazolylcarbazole
as the donor molecule in linker-free 1CzCzTrz, 3CzCzTrz, and
13CzCzTrz (Fig. 4) for blue TADF emitters."*> The carbazole
substituent at the 1-position led to a twisting of the dihedral angle
to 50° between the carbazole donor and the diphenyltriazine
acceptor, which was not present at the 3-position, wherein a
dihedral angle of 18° was observed in the optimized geometries
(B3LYP/6-31G(d) level of theory). This observation was attributed
to the increase in triplet energy and an observed singlet-triplet
split of 0.03 eV (1CzCzTrz), 0.12 eV (3CzCzTrz), and 0.01 eV
(13CzCzTrz). The FWHMSs were reported as 74, 78, and 93 nm for
the three compounds, respectively.

The TICT concept was applied for the second type of
fused carbazole, ie. phenylindolo[2,3-a]carbazole as applied
in PIC-TRZ, which was created by Endo et al.,” Fig. 4. A material
with a small AEgy was realized along with a high k. ~ 10.

As noted above, Kim et al. linked 3,3’-bicarbazole donors
also to a triphenyltriazine core (TrzBCz, Fig. 4) to create a stable
blue emitter of more than 23% efficiency as indicated above.'**

Kim et al. introduced biscarbazole donor units entitled
twin emitting cores into new TADF emitters with 2,3-; 3,3-,
and 3,4-linkeages between the biscarbazole units coupled to a
diphenyltriazine acceptor unit to form 23TCzTTrz, 33TCzTTrz,
and 34TCzTTrz, Fig. 5."** The group showed that 3,3"-bicarbazole
more effectively lowers the singlet-tiplet gap and the highest
quantum efficiency of 25% was observed for the greenish/blue
TADF device.

Obolda et al. created TPA-TAZ and TCP, Fig. 5. Both materials
exhibit higher than 25% singlet exciton formation, which could

R=CN PAPCC
R= J\ PAPTC
NN

K

Fig. 7 Carbazole-based polymeric TADF materials pCzBP, PAPCC, and PAPTC.
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not be attributed to TTA, TADF or higher-level RISC, yet a triplet
polaron-interaction-induced upconversion involving one-electron
transfer mechanism was proposed.'**

Sasabe et al.'** introduced a terpyridine unit in combination
with an acridine core for TADF applications. When modulated
with carbazole units, TADF material AcCz-2TP was prepared with
a singlet triplet gap of 0.23 eV, Fig. 5.

Data et al utilized dibenzo[ajlphenazine (DBPHZ) as
the acceptor unit and prepared several new TADF materials.
When flanked with ¢-butylated carbazole donors, the material
t-BuCZ-DBPHZ (Fig. 5) was prepared as a green to deep-red/NIR
OLED emitter.”® The compound did not show significant CT
emission until THF was applied as the solvent medium. Delayed
fluorescence was weak and mostly phosphorescence was
observed. A significant amount of TTA could not be excluded.
In this case, intersystem crossing leading to the observed TADF
is based on spin orbit charge transfer between the 'CT state and
the triplet locally excited state on the acceptor (*LE,) instead of
the general case of the donor. A long lived delayed fluorescence
lifetime combined with TTA was attributed to the low device
efficiencies.

Cai et al. attempted to reduce kg and kgrisc by increasing
the dihedral angles between the donor and acceptor systems
involved and utilizing a molecular design including the TICT.
The group combined ¢-butylated carbazoles as donor molecules
(TC) and utilized benzil to induce a small k, on account of n-n*
transition and a small AEg to create DC-TC, and converted the
benzil group to dicyanopyrazine to create a new diazaring for
a TADF molecule entitled PyCN-TC (Fig. 5). Both compounds
follow the donor-n-acceptor-n-donor design. Along with 9,10-
dihydroacridine building blocks, the group completed a thorough
study of the photophysical, quantum chemical and OLED
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characteristics.’*® Incidentally, PyCN-TC showed the lowest
energy ’LE state, while DC-TC showed the lowest *CT state.
Zhang et al. showed that a lower lying ’LE enlarges AEgy
and hinders the efficiency of RISC processes.">* In the case of
PyCN-TC, this leads to AEgr of 0.46 eV and an increase of triplet
exciton population. Taking all of the photophysical data
together indicates the value of kg;sc as the rate limiting factor
in the exciton dynamic process and therefore the key factor for
shortening trapr. In device geometry, the larger kgisc leads to
low efficiency roll-off characteristics.

Takahashi et al. chose 1,4-diazatriphenylene with a suffi-
ciently high T; energy level of 2.9 eV as the core to develop a
TADF material and coupled it with the donor 3-(diphenylamino)-
carbazole in a D-A-D-type fashion to yield a sky-blue emitter
m-ATP-CDP, Fig. 5.7

Shiu et al. introduced a non-carbon based linker to create a
TADF material with a minimal orbital overlap between donor
and acceptor units. The group applied the rigid, electron-
accepting boron atom as a spiro-linker between the pyridyl
pyrrolidine and carbazole donor units to create new boron
complexes PrFPCz and PrFCzP for TADF applications, Fig. 6."*°
TADF behavior was not observed for PrFPCz in toluene and
related polar solvents, yet it was observed in the solid state.

The compound o-carborane is an electron-deficient boron-
cluster, which was utilized by Furue et al. along with carbazole
and triazine to create one D-A-A’ triad PCz-CB-TRZ as well as
along with two phenyl-substituted carbazoles to create a D-A-D
triad 2PCZ-CB,"*° Fig. 6. o-Carborane among other compounds is
known to induce aggregation-induced emission, i.e. the chromo-
phore is not emissive in dilute solutions; however, it is highly
emissive in concentrated solutions. Aggregation-induce delayed
fluorescence (AIDF) is triggered through the structural design

This journal is © The Royal Society of Chemistry 2017
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of minimal HOMO-LUMO orbital overlap, which leads to a
small singlet-triplet energy gap and thus opens the channel
for thermal repopulation of the singlet excited state via AIDF
behavior. The higher turn-on voltage for PCz-CB-TRZ is due to
the larger hole-injection barrier, since the HOMO energy level is
lower. The high external EL quantum efficiency of >11% for
PCz-CB-TRZ was utilized in a dopant-free OLED configuration.

The TADF-approach was also applied as a remedy for
blue emitters for PHOLEDs. These emitters are particularly
challenging due to the bond dissociation caused by the highly
energetic triplet excitons vide supra. Zhu et al.*** attempted to
utilize all electro-generated excitons by embedding the concept
of TADF to PHOLED devices termed metal-assisted delayed
fluorescence (MADF). One and two-carbazole-containing molecules,
PAN30 and PAN3N (Fig. 6), were embedded in devices with
efficient phosphorescence and delayed fluorescence processes,

This journal is © The Royal Society of Chemistry 2017

respectively. External quantum efficiencies of 20.4% and 20.9%
were achieved for PAN30 and PdAN3N, respectively, though
a significant roll-off behavior was observed.'*® The large effi-
ciency roll-off was attributed to long triplet lifetimes and poor
charge balance.

Particular challenges are still observed for blue TADF-based
OLEDs. When screening D-A vs. D-A-D systems, one derivative
showed an external quantum efficiency of 19.5% and reduced
efficiency roll-off characteristics at high luminance. A methodical
study revealed the co-requirement of pre-twisted intramolecular
charge-transfer molecules and small singlet-triplet energy gap.
The ®LE state needs to necessarily be higher in energy than the
3CT state.*" In addition, the first triplet energy levels of the blue
TADF dyes are significantly higher than the PHOLED represen-
tatives, i.e. 2.9 eV or above.> This requires that exciton diffusion
is suppressed by electron blocking layers and a modification of

J. Mater. Chem. C, 2017, 5, 8622-8653 | 8633
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the charge transport layer to ensure a balanced charge transport.
These efforts lead to more complex device structures.

Roll-off behavior is a challenge in TADF devices. Roll-off
behavior was addressed in the work of Cho et al."** Considering
that both Forster and Dexter mechanisms of energy transfer
apply to TADF materials, the optimization of the emissive layer
(EML) thickness by widening the trap-free recombination zone
and optimizing the doping concentration led to a decrease in
the roll-off behavior.

8634 | J Mater. Chem. C, 2017, 5, 8622—-8653

The roll-off behavior of TADF devices was also addressed
through device architecture by Tsang and Adachi.'*’ The inclu-
sion of ultrathin layers (2-3 nm) of 8-hydroxyquinolinato
lithium (liq) between the EML and the hole blocking layer
(HBL) as well as between the HBL and the electron transport
layer (ETL) led to up to 16-fold extension of device lifetime in
which 90% of the initial luminance is reached. Thermally
stimulated current measurements allowed Tsang et al. to reason
that the formation of deep traps leads to decomposition of the

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Carbazole-based host materials containing sulfur, ternary and quaternary phosphine oxide, and fluorenes.

organic emitting material via exciton-polaron interactions and
thus an increased drive voltage.

Chen et al. addressed the high drive voltage of TADF-based
OLEDs by the development of a different device architecture and
the utilization of a new, carbazole-based p-type material TXFCz.
The device architecture is a two-layer active heterojunction.™**

Polymer and dendrimer approaches

During TADF device preparation, careful mixing of the host: dopant
ratio is required along with careful scrutiny of the possible
phase-separation processes. This hurdle may be avoided by
using solution-processed polymers with TADF properties.
Dopant-free systems are based on a dendrimer approach based
on a carbazole unit due to its (not the least) superior, amor-
phous film-forming abilities (Table 2).

A D-A type backbone (pCzBP) for the polymer was realized
by Lee et al., Fig. 7.° Therein, the butterfly-shaped benzophe-
none is linked via the nitrogen atom of carbazole to alkylated
carbazoles. The HOMO is localized primarily on the carbazole
unit, while the LUMO is localized on the benzophenone units
and a small AEgy of 0.16 eV is observed. A device with a high
external quantum efficiency of 9.3% was realized.

Zhu et al. prepared a conjugated D-A type polymer (PAPCC
and PAPTC), wherein the carbazole-containing donors are fixed
only in the backbone, while the acceptors are affixed on the
side-chains only. This grafting leads to a significantly small
AEsy due to the physical separation of the HOMO and LUMO,
Fig. 7.14¢

A dendrimeric TADF emitter was developed by Li et al.'*’
Dendrimers CDE1 and CDE2 (Fig. 8) are characterized by a
benzophenone molecule as the anchor, linked to two acridine
units, which are substituted in the first and second generation
with the nitrogen of the carbazole units. The carbazole units are

This journal is © The Royal Society of Chemistry 2017

substituted themselves in the 3,6 positions with ¢-butyl groups.
Solution processed devices utilizing these dendrimers showed
an EQE of 13.3% at 1000 cd m 2 and a low roll-off behavior.
Emission in the devices combined the emission from TADF
behavior as well as exciplex emission.

Carbazole units were used to encapsulate the DMAC-DPS
emitter to synthesize new sulfonate and acridine-containing
emitting TADF materials entitled CZDMAC-DPS and DCzDMAC-
DPS (Fig. 8) by Luo et al."*® These new materials were solution-
processable and utilized in non-doped devices with a peak EQE
of 12.2% and CIE coordinates of 0.22, 0.44.

Dendrimers are oligomers characterized by exact branching
and absolute molecular weight. Dendrimers can have the ability
to insulate chromophores housed at the core. A dendrimeric
approach containing a triphenyl-s-triazine core substituted with
generations of carbazole units entitled G2TAZ, G3TAZ, and
G4TAZ was presented by Albrecht et al. as the first, self-hosting
TADF material, Fig. 9."*° TADF devices showed a maximum
external quantum efficiency of 3.4% for G3TAZ.

Further triazine-containing dendrimers were prepared by
Sun et al.**® The dendrimers TA-Cz and TA-3Cz (Fig. 9) carry
peripheral alkylated carbazole and triscarbazoles. The intro-
duction of additional phenyl groups between the core and the
dendrons served to physically separate/isolate the core from the
periphery and thus induce a small singlet-triplet splitting as
well as isolating the core by an encapsulation mechanism. Only
2.4 V was utilized for the drive voltage and an EQE of 11.8% was
achieved using TA-3Cz.

Sun et al.™' presented a solution-processable approach,
with a cross-linkable host-precursor DV-CDBP and emitter-
precursor DV-MOC-DPS, Fig. 10. Upon cross-linking at various
ratios, the group prepared TADF devices and showed that a
mass ratio of 1:0.09 of host to emitter yielded a device with
the highest photoluminescence quantum yield of 0.71 and a
maximum external quantum efficiency of 2%.

J. Mater. Chem. C, 2017, 5, 8622-8653 | 8635


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tc02156a

View Article Online

Review

Journal of Materials Chemistry C

(uru 001)
0€¢€ v/(wu g-0) 4r7/(Wwu 09) qdAJWL.L
‘61¢ €€°0 /(W 0% ‘9%Im 0T) Ydf40zD$:doW ot 10 92
700 08T 78T  S6F A8Y ‘06T T8'T ,SLT— ,LS°S—  ‘TIT0 TS — 81T 9¢¥T  6°¢ /(wu 0¥) SSA*LOAAd/OLI  Yd®ADZDS OIN
L,£TE
‘9¢g (wu o01) Tv/(Wwu 1) 417/(Wu ¢)
‘%9¢ €10 1dd.L/(Wu §g) dOWEZDAILD %m crr 1P 30
600 8T 68T LEV ,9T¥ ‘v8€  ¥6'T T €S ‘8T — 49T ,F99  ,8'97ST TP 8/(Wu 0T) VIOL/(WU 0%) GIN/OLI zDqakD  ‘Sueyz
— — — — ¥'¥L) sts — — — — — — — — — — — NdzZD¥
— — — — 49°12) sgs — — — — — — — — — — — NdLZD¥
— — — — §(¥2¥) 195 — — — — — — — — — — — 9-Nd.LZD¥
(uru 0z)
v/(wu g°0) gr7/(Wu 59) 19dL
— — — — s(e92) £L8 — — — — — T — — —  — /(WU ST ‘%M §) d9DYd-NAIZD Yd-NdLZDV 7D 12
— — — — 48°¢6) £0S — — — — — g6l — — — — 10 NdIZD¥ ‘(Wu S¢) ddN-©/OLI NdIZD¥ ewelon
(wu 001)
v/(wu 1) gr7/(wu 0€) gdAduw,
/(wu $7) Yd-Nd.LZD¥:NdIZD¥
6%°0 /(wu o1) gD /(wu 07) w10 32
— — — — — —  ,T'e— ,TS—  ‘6V0 1°0 — 8'cT 0’ DAV.I/(wu 09) SSd:LOAAd/OLI NdIZD¥ oyDd
(passaoo1d uonnjos)
[v/(wu 1) 4r7/(wu 0€) r9d.L/(wu <)
TOdSL/(%M T ‘wu 6¢) NdIZ
£5°0 -DpuzDIS/(wu 1) MAd/(wu 09) o0 12
— — — — 5(£9°0) — — — —  ‘6T0 208 SCET — — — SSd:Loadd/(wu 02T) OLl  NdIZDPuw oyd
(wu osT) [v/(wu §°0)
TT°0 Ary/(wu og ‘1: 1) br1:vddda
¥20  79c 98T (589°0) ,9SF ,0TF —  LELT— 8V°S— 910 ,C9T S — —  ¢¢ J(wu 0€) (%M 0F) NGZOLY  NAZOL¥y
0T°0 10 NEzD¥:dgOwW/(Wu 0T) VIOL U]
00 0T 00°€ (567°0) ,ThY ,0T¥ — 8T LEL6—  LTO 90T pL'ST — —  ¢¢ /(uu og) gdN/(Wu §) NDLVH/OLI NdzO¥  Sueyz
(wu 00T1)
433 Iv/(wu g°0) 417/(wu 09) gdAdwL,
‘Tee 81°0 /(wu 0% ‘%M 0T) YdtdDzD¥:dOW ot 10 92
Y0  8LT TO'E  SHE 0%y ‘88T 86'C ,T9CT— ,9°5— ‘/T0 L0 — €0'T SCE0T 8% /(wu 0%) SSd:LOAAd/OLI  YdfADZO¥ N
(wu 007) 1v/(wu 1)
Ar1/(wu g€) T0dSL/(%T ‘wu §7)
1137% NDT-ZDLd 10 NDT-ZDAd:dOW
LT°0 4£9°C — +¥6°0) -01¢ —  ,85°€— /19— — — 8TT — ) 4 f(wu o1) dDW/(Wu 07) DAVL  NOTZOLA L1032
€10 9T 65T  —  5(9¥60) ‘ote —  85€— ,6T°9— — — SITT - — 0¥ /(wu 09) SSA:LOAH/(Wu 0S) OLI  NOT-zDdd 2971
(wu 00¢) [v/(wu 1) 417/(Wu sg)
TOdSIL/NdIZDd:dow/(wu oT)
,(c€0) 6T°0 dowy/(wu 0g) DAVL/(Wu 09) R
SO0 TLT LLT —  SSY WP — 8T ,95°€— ,9T9— ‘LT0 P9l — — — ¢ SSd:L0ddd ‘(wu 0ST) OLI  NdIZDA oyDd
(wu 0071) Tv/(wru §°0) Ar7/(wu oF)
19d.L/(wu 01) Idd/(wu ST)
0€°0 NAZDT %% 09:dOwW/(Wu OT) 610 32
60°0 — — — — — 8T L0€— 85— LT0  9€l — — — ¥’/ dow/(wu §¢) ddN-©/(wu 00T) OLI NdzZDT  Inse
(a0 () () (q1) (x0) (wa)  (A9) (a9 (A9 (%) (%) (;_m ) (v pd) (A (A) wo Anpw0ad 91 punodwod ‘394
Sgy g sy 1d wu 1d sqv gy  OWNTOWOH dID  d0d ad 4D ‘,_W pd) -wing,

T

sjes1ewW {gy.L paseq-a10zeqled JO Blep 92IASP PUR DIU0AD9)8 ‘1edisAydoioyd Jo malAeAO T 91qel

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
"INV TT:22:9 9202/G/v U papeojumoq *LTOZ AT TT U0 paus!iand 901 Ss300Y uadO

This journal is © The Royal Society of Chemistry 2017

8636 | J Mater. Chem. C, 2017, 5, 8622-8653


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tc02156a

View Article Online

Journal of Materials Chemistry C

Review

,£9¢ A8
L(e¥T0) ‘Ive ®zeo  (s€) ASE  ASE A ST
00 88C ¢£6C (96°0) 434 ‘T6T  466'T 8ST— ,E5S— ‘610 6€C ®905 ® 95 ® 00L9T —  asaoqe se Anewoad 2019p swes  Ded-Adg
,29¢ A8
,(821°0) ‘Tve ®sgz0 (07) 0¥ AOF ASTI
00 88T S6'C (2L0) 08¥ ‘6T  ,S6'C q€9'T— ,85°S— ‘810 0TI ® 9T ® 8°0¢ ® 00801 —  aaoqe se Anowioad 20149p swres  Ded-Adg
LELE A8
,(981°0) ‘LTe ®sz0  (s€) ASE  ASE  ASTI
€10 ¥8¢ /67T (0£°0) L9¥ ‘66T pL6'T  4€9T— 09— ‘LTO ¥6 ®9FT ®¢9T ® 0198 —  asoqe se Anowoad 2o1map swes  DLd-Adg
(wu 0071) [v/(wu )
,6S€ A8 Ary/(wu 09) qdAdwir/(wu 01) Ldd
,(T10°0) ‘gee ®c¢ro (o) A A0V A €T /(wu 0¢) [9%Im ] yuedop/dgow - UE
60 <S8'C ¥I'e (8€0) ov¥ ‘06 pFTE  GPST— ,89°S—  ‘9T°0 TYoOT®6e ®0S ® €81C — J(wu 0g) DAVL/(Wu 0€) GAN/OLI od-Aag 1eweley
(wu 0o1) Tv/(wu 1)
A8 Ar7/(wu 09) qdAdwir/(wu ¢) 1dd
,TLE ®¥r0 ASE ASE ASE AOST J(wu 0g) (%M 0€) dgDAW:0dIdd eI 92
ST0 76T — — L9 ‘vEE  H0°€ LT L,TLS—  ‘TTo ®LFT ®T8e ®8Th ® 0068 8T /(WU 0T) JOW/(WU 0F) AN/OLI  dADAW Iewefed
v/(wu g°0) gr/(wu o)
zdI-Adg/(wu 01) Lel/(wu og)
dgD:AAV.L %3 0T/(Wwu 0g) 1P
TT0 - - = ,(85°0) — — — — — 6 — — — 0¢  zDd-sul/(wu 0T) NDLVH/OLI ZD-naLa-Ov ueyz
0%
‘6C¢E v/11
‘18T 90 /TOdSI/NAIZDAA:qdAdug:dDw v
€T°0 o ¥'T 19T — ,(16°0) ‘oce — 88€— 79— ‘TT0 68T ¢'1e — — <€ /dDW/DAV.L/SSd:LOddd/OLl  NdIZDdd oyd
apoyes/(wu og)
,(92°0) 10 19d.1L/(wu §) T0dSL/(Wu ST) %S
LT0 18T ¥I'E — £S¥ — — — — 9T0 0¥ — — —  — NDOd9zD:0dddd 10 zZDdAND:Od  NDOddzD
5(9%°0) -4da/(wu o1) dow/(wu 07) orr 1?0 32
L[T0 €8T OT'E — 8S¥ — — — — — 8y — — — — Ddvl/(wu 09) SSA:LOddd  ZDdAND oyd
(wu 001)
a5 Iv/(wu 8°0) 4r7/(wu 09) gdidwL
5,(675°0) ‘9eg 65°0 /(W o€ ‘9%m §) AANDZDF:dDW a1 32
L0°0  ,ITT ,8TT  09S €S ‘58T — 9TE— ,TLS—  ‘SE0 b0l QOLT LPSE 50691 LF /(wu 0%) SSA:LOAdd/OLl  AINDZO¥ Suel,
(wu 0ST) [v/(wu §°0)
1970 ary/(wu og ‘t:7) bri:vadda  NgzDLS
LT0 09T /LT (598°0) ,08¥ ,0T¥ — BT SPS— ‘1T0 ,TTC »1'9S — — 67T J(wu 0¢g) (%M 0F) NIZDOLS
0%°0 10 N9zDS:dgOW/(Wu 0T) VIOL NDZDS S8 7D 12
TT0 89T 06T (502°0) RL172 ,0T¥ —  PLT— SSS—  ‘TTO 9T ,0°0F — —  0°¢ /(wu 0g) gdN/(wu §) NDIVH/OLI swes NgzD$S  Sueyz
passaooxd
uonn[os (wu 00z) [v/(wu 1) 411
J/(wu o¢) 19d.L/(wu §) TOdSL/(%ST
LT°0 ‘wu §7) NDZDS:zDIS/(wu ST) -
6T°0 ,6L'T yS6'T — S12°0) — — LPFE— ,6T9—  LTO 8T SEY — — — MAd/(Wwu 09) SSA:LOAAd/OLI NDZDS oyd
(passaoo1d uonnjos)
Iv/(wu 1) Ary/(wu og) 19d.L/(wu §)
TOdSL/(%m T ‘wu $7) NdIZ
650 -OP1:zDIS/(Wu ST) MAd/(Wwu 09) o0 72
— 46T —  —  3,(8£0) — — — — TE0 €8T LY — - = SSd:Loddd/(wu 0z1) (OL)  NAIZO¥ oyd
(ad) (a9 (Ad) (a1) (20)  (wu)  (A9) (ad) () €% (%) (M w) (v pd) (A (A) uo Anowoad mag punodwo)d PEN|
Sgy g sy d wu 1d sqv ™7y OWNTOWOH a1  add dad 4D ‘,_w pd) -uing,
1
(panunuod) T e)qel

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
"INV TT:22:9 9202/G/v U papeojumoq *LTOZ AT TT U0 paus!iand 901 Ss300Y uadO

8637

J. Mater. Chem. C, 2017, 5, 8622-8653

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tc02156a

View Article Online

Review

Journal of Materials Chemistry C

(wu 007)
v/(wu 1) Ary/(wu og) rdd.L/(wu §)
TOdSL/(Wu ST ‘9%Im 07) IonTw

-2:0ddda/(wu o1) dow/(wu (g) e 10 92
€70 — — 0LV 0g£S ‘OTF — —  ,0T°€— ,609— —  geT 0°Ce 0'8¢ —  —  Dav.l/(wu 09) SSd:LOAAd/OLI VILAa¥ 00X
8T°0
T0€°0 ,S88°C ;88T°¢ — 5(€58) — — Te— T9— ‘ST0  £9T — — — —  2sr0qe se Aow0ad o1ep swes  zi1zoadd
(wu 0°007) [v/(wu S°T) 41T
ST0 /(wu 0°0€) 19d.L/(Wu 0°S) TOdSL
16T°0 ,E£T0°€ 5¥0T'€ — S1°1€) — — ge— 19— LT0 TSI — — — — J(wu 0°S7) NS IAVIL:0d ZILZDJgu
1€°0 -4da/(wu 0°0T) dOW/(Wu 0°07) e 1P 72
T00°0 ,T66'C 5V66'C — 5(6°26) — —  ¥e— 19— ‘8T0 V0T — — —  — Ddvl/(wu 0°09) SSA:LOAAd/OLl  Z1LZDAdo 9971
(wu 02) v/(wu 8°0)
(103 Ary/(wu og) 1gd.L/(wu o1)
‘101) ¢1$ 0dddd/(wu 0z) 0dddd:1zd
{(xoy ‘A 70 %3 g/(wu oT) 182D/(wu 07) gt 10 12
,800°0 — — —  TLV €Sy — — — — ‘€70 09 4L6 — 4E6€ —  VIDL/(wu 0g) AIN-©/OLI/SSe[D 1ZD SnRIAISS
v/(wu 6°0)
TP art/(wu ¢g) gdhdwiy/(wu gg)
‘spe 95°0 A €8T dourzDYd-OXL %M §/(wu 07) o IP 32
€L0°0 4LTT — — — ‘GOE wyySTT o8S°€— ,8L°6— ‘I€0 ST 0L 9., ®0001C L'V Ddv.l/(wu 0€) LOddd/OLI  zDYd-OXL Suem
(wra 0071) Tv/(wru £°0) ATT/(wu 0€)
I9d1/(wu 0T) 0dadd (wu 07)
£0°0 odadaauedop/(wu 01) 152D eer 10 92
TE0 —  — [90) ,(£50) To¥ — —  TST— 4685~ STO 6% — — —  — /(wu 07) VIDL/(wu 0¢) 4IN/OLI SdA-DELIA  Sueyz
(us)eoe
‘Ive
‘8ce 1€°0
f00  fST 49T — ,(6T°0) LL¥ ‘67 — @UE— 46—  ‘8T'0 et — — — — (wu 08) [V IX-ZDI-w
(Us)oge /(wu 1) bry/(wu og) rgd.L/(wu o1)
‘ove ddd/(wu 07) 4dd:1eNTws IAV.L
‘(us)ece ¥20 % 9/(wu §) dDO/(Wu 0%) AdN 1P 32
gS0°0 89T €LT — ,(66°0) ¥S¥ ‘v67 — 18T 46—  9T'0  FYI — — — — -n/(wu 0T) NO-LVH/(Wu 00T ‘OL)  IX-ZDL-d 997
(wu 08) v/(wu §°0) 4rT/(wu 0€)
1gd.1/(wu o1) 4dd/(wu 07)
ddd ut (%m S2) IX-ZDOW/(Wu 0T) oc 1P 12
#TT0°0 - — —  (scT0) - — - - — 9L - - —  9'¢ dowy/(wu o) AdN-0/(WU 00T) OLI  IX-ZOW 2971
(wu 007) [v/(wu §°T)
Ar7/(wu og) 19d1/(Wu ) TOdSL
v€0 /(wu §7) 0dada:zoadd/(wu 0t) v 12
91'0 T6'T 9L — — — — b= 8LS—  ‘IT0 LT 5TV SIS — £'8  Davl/(wu 09) SSA:1OAA/OLI zD9dd wny
(wu 00T) [v/(wu 1)
A8 Ar7/(wu ¢g) qaAdwy/(wu oT)

,81¥ ® P90 ASE ASE  ASE ASPT Idd/(wu 0¢) (%S) AdgDLA:ddD

$0°0 14T — 8IS ,80S ‘0ce  pPL'T  L8CT— ,19°S— ‘0£0 ®TLT ®SE8 ® 9¥F6 ® 00L.LE — J(wu 07) DAVL/(Wu 0€) dAN/OLI  AdIDLA
(wu 007) [v/(wu 1)
A8 Ar7/(wu 09) qdAduir/(wu )

,00% ®9¢0 AOE€ A0S AOE ASOL 0odada/(wu o€ ‘%S) AddDa:sdzD s 10 92
€0°0 T¥8'C — IS ,06¥ ‘TIE  5/8'C ¢88°C— ,SL°S— “/T0 ®0¥%C ® TS ® 7S ®00€0T 8T /(wu og) dOw/(wu 0g) GIN/OLI Aggoa 1reuwreley
(ad) (a9 (Ad) (a1) (20)  (wu)  (A9) (ad) (A9 (€% (%) (—mw) (,_v Ppd) (A (A) uo Anowoad mag punodwo)d PEN

Sgy g sy d wu 1d sqv ™7y OWNTOWOH a1  add dad 4D ‘,_w pd) -uing,
1

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
"INV TT:22:9 9202/G/v U papeojumoq *LTOZ AT TT U0 paus!iand 901 Ss300Y uadO

(panunuod) T 9qe|

This journal is © The Royal Society of Chemistry 2017

8638 | J Mater. Chem. C, 2017, 5, 8622—-8653


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tc02156a

View Article Online

Journal of Materials Chemistry C

Review

20:o(8°€S) 2L VS0 (wu 00T) [v/(wu 1)
£7°0 — — — 439 ,6TF £T  9TE— 955~ ‘960 ,I'8 29E pL9T — 7€ Ar7/(wu §6) gdhdwr/(wu s¢ DI-NDAD
295(9°0) 25550 ‘0630 G) dIDINIWD AAVL ocy 10 92
€T°0 — — — €56 B8 8ST 6T 95— ‘6PE0  ,T9 »0T  ,T6T —  ¥¢ /(wu 0g) DAV.L/(Wu §) NOLVH/OLI DL-DA eD
(wu 001) IV
J(wu 1) gr7/(wu 0z) Jod/(wa 0z)
(re0) (r9°0) 1gd.L/(wu 07) 440/(%m 01) ZHdad PP
€0 ¥ET  LLT 605 oplSY 67T —  LLEE— L6LS— — 08 — — 00041 £'€ ZHA9d-zOng-3/(wu o%) 9AN/OLI -Zong-7 eleq
(wra 0071) Tv/(wru ¢°0) ArT/(wu 08)
ddAded/(Wwu 01) dDWEALT-ZDIV
58170 A90'E  A90€E %M oT/(wu §) dow/(wu o) cer I 72
ST0 ST 00°€ — 19¥ 0TE  6T€ ,EE€T— ,09S— ‘910 76 ® /LTI ® 97TI — 90°¢ Ddvl/(wu 07) 19dd:dVdL/OLl  dLT-ZJdV  9qeses
(wu 001) Tv/(Wwu 8°0) ATT
€700 A6 /(wu 0¢) 19d1/(Wu 02) ZV.L-VdL per 1D 10
S0 — — 48T ST OEE ,TTE  LTUT— ,8TS— ‘8ST'0  ,89 — — ® ,gTeL —  /(wu og) gdN/(WU 9) EOOW/OLI  ZVI-VAL BPp[oqO
020
SE'0  6LT FVIE —  5(s90) —  90°€  6T'E— 86'S— ‘9T'0  LE0T 0'ST LT6T —  — 2a0qe se A1jowoas 201A9p SWeS ZILLZDILVE
(wu 007) v/(wu 1) Ar7/(Wu og)
Tv0 19d1/(wu §) T10dS1/0dddd
ST0 ,9.T RI0°€ —  5(£80) — 6T ITE— LS~ ‘€T »ST SLLS €9 - = ur (9%3m 0g) Jontwd/(wu 0T) ZALLZDLES
920 dowy/(wu 01) DAVL/(wu 09) cer 10 72
€€°0 ,SLT 480°€ —  #(c80) —  J0€ 6Tt~ 98— ‘0T0 0T »£TC  H¥'8T - = SSd:LOddd/(wu 0ZT) OLI ZILLZDLET wn
(%0¢) z11zDWL, {(%0%) ZILZDL
:3urdop {(wu 007) [v/(wu T)
05°0 Ar1/(wu og) 19d.L/(Wu S) TOdSL
L0°0  6L'T 4987C — 5,66 LYY —  STT— 9TS—  ‘STO0  ,5°ST S1TS — —  —  /(wu 6T ‘% X) INTWL 4AVL:0d  ZILZDWL
€€°0 -4da/(wu oT) doW (WU 07) DAV.L 1P 30
91'0 8T ;96'C — ,00T 457 —  LIT'T— ,6T'S— ‘8T'0 »SC pL'CY — — — /(wu 09) SSd:LOdAd/(Wu 0S) OLI ZILZDL 9971
(wu 007) 1v/(wu 1)
Ar1/(wu og) 19d.L/(Wu §) TOdSL
/(W 6T ‘007) IONTWD IAVL:0d
91°0 -4da/(wu 1) dDW (wWu 07) DAV.L oer 10 30
STO0 V9T 68T — 5o(€7) Rass — 8TC— .¥S— ‘STO0 841 4T 89T —  — /(wu 09) sSd:LO@dd/(Wu 0S) OLI 2112Dd wn
(wu 0oz) [v/(wu §°1) ry/(wu og)
Idd1/(wu g) T0dS1/(wu ST
70 ‘003 07) OdAdd:ZDgZIL/(Wu 07) R
910  FLT 06T — — — — 0FE— L6 ‘€TO0  ,S€T 78S ,6°09 —  —  Davl/(wu 09) SSA:LOAAd/OLI zD9Z1], wry
V/dTT/AdWipdd/dD-UEZA.L gD 12
IT0  ,SS°C ,99°C — ,(s€°0) 99% — — — — — &S — —  ,0000T — -DId-%3M 9/dD-W/AdN-©/OLI Z1L-DId opug
€T0
100 ,L6'C 486'C — 5(58°0) —  pEFE TEE— 60°9—  ‘LT'0 ST JU6T LT —  — oa0qe se Anowoad 201A9p dWeS  ZILZDZDET
(wu 007) 1v/(wu 1) 4r7/(Wu 0€)
9¢°0 19d.L/(wu §) TOdSL/(Wu Sz ‘%0T)
TI0 08T 4T6C — 5(29°0) —  p0S°€  LTE— 80°9— ‘TTO  ,PTI 81T 78T —  —  sIoMwp JAvL:0odadd/(wu 0T)  ZILZDZDE
¥2°0 dowy/(wu 1) DAVL/(Wu 09) 2er 10 39
€00 ,L6'CT ,00°€ — 5(8°0) —  p09°€  TEE— 809~ ‘LT'0 ST OTT ST - = SSd:LOddd/(Wu 0ZT) OLI  ZiLZDZDT wny
(wu 08) [v/4rT WU §°0
/(wu 0g) 1gdL/(wu 0T) Oddda
/(%34 9) OdAdA:V.LzDD/(Wu 01) oD 12
S0°0 It — — — — dowy/(wu 0%) ddNe/(wu 0TT) OLI V120D ke
(ad) (a9 (Ad) (a1) (20)  (wu)  (A9) (ad) () €% (%) (M w) (v pd) (A (A) uo Anowoad ad1e@ punodwo) PEN|
Sgy g sy d wu 1d sqv ™7y OWNTOWOH a1  add dad 4D ‘,_w pd) -uing,
T
(panunuod) T e)qel

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
"INV TT:22:9 9202/G/v U papeojumoq *LTOZ AT TT U0 paus!iand 901 Ss300Y uadO

J. Mater. Chem. C, 2017, 5, 8622-8653 | 8639

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tc02156a

View Article Online

Review

Journal of Materials Chemistry C

*(ded A31ous [eondo) *7 + OINOH = OIWNT wan “DSTA 10J JUBISUOD 33EI JO J0[d SNIUSYLIY 33 WOI PIUNLIALP sk Lg—S7 ww ‘arnjeraduws)
WOOI J& PIINSEIW ,, ISH Ul pajou s[enusjod UOHINPaI PUE UONEPIXO , 1949 (P)DTE-9/AdTddd Y3 I8 1Ad-AL Aq PAIBMO[ED 4 -9jensqns zirenb e uo pajsodop Wy JBIN , "dIMXIW
HB«BEIH 4y “TOPINOYS gz "UONN[OS 9IL-U2ZAX0 ¢, WI P T J& PIPI0ISI IN[EBA 4 *219YdSOUNE 1V ,,, “SUEXIYO[IAD UI PAINSBIN ,, *, W PO 00T I8 PIPIOAI 3N[BA ,, “WU SS WHMI 4, "W 10 A 9T°€
‘uonn[os ,,, "A1091)) Jo [2A9] (P)OTE-9/dATEL oY) um 140-alL Aq pajenore) , "AISUsap JUILIND MOT o "JHIAIN-C UI POINSEBIIN , “*SU°y/0%CT ,, "(%IM 0T) WY OdAdA , "W UTY) JO \%%o%oboomw proif
uo1393[2030Yd ,, *sy[ead XOpal jo Sa8e3[0A I9SUO WOLF PAjR[Nd[RD , “*F — OOH , "9Uuadsaioydsoyd jo 39su0 WwoIj PaIe[nd[e) , *9dUISIION[} JO ISUO WOIF PAFR[ND[RD 5 "S[DHD Ul PIINSeIN 4
"21nyeradwa) MO 8 PIINSEINW , "W Sd U %T , "2Injerodws) wool Je wnndads 9dusdsazony 3yl Jo (007) £315ud 0192-0137 ,, *33pa uondiosqe SIA-AN WOy PAJBWNSH |, "dN[eA WNWIXEI ,
‘NDA Ul PaInseay \.EEEuQEB Mol e painseawr (097) A31ous o19z-019z Mead dousosaroydsoyd s, EE ury) ur @E:mmoE -a1oydsoune N ; "JHL Ul wuH:mmoE  Iuswiadxd >U
*an[eA WNWIXeN .2828 ul paInsea , *23pa uondiosqe-ONOH , “Adodsondads uonsspoloyd , .2538 :[0) foUBXaY XY {2)eIS H&mqmb 931eYD IB[NOR[OULINUT ;1D {278IS PAIOXR AJ[E0] ‘AT
-aueloq[[A1saw Tmzb& £)-¢]-si GINAdLE Bmuos:\Eusmgosaﬁcu&mimbﬁ WNIuopor- REE%ENEEE v-14doxdosi-y :1gdd ‘1owidjod Surureyuoo-surwrejfusydin :gvdl ‘ousiduaydin-(j4-g
-urpudiq-,z‘e)siq-£‘c .NnEQEm ‘olozeqiedlq-,c‘c-H,6‘He6-([A-¢-10zeqrea-He-[Auayd-6)-9-[Auaydip-,6°6 :zDd-SHL ‘op1xo 103 [[Ausyd(ourydsoydiduaydip)-z]siq :0dadda ‘[auriue(jAusydidyrow-f)siq
-N*N|S1q-0UapIIAXay0[oLd-,7*F :DAVL ‘QuIplIAd-a[0zeqIeoe11)-9‘c‘c'y AdzD¥ ‘ouexayo[oko-([Ausydourure]£[03-d-1p-¥)siq-1°T :DVdAL ‘ouefis(jAuayd(jAjozeqres-6)-F)ipjAuaydip :zDIS {(s]0zeqIed[AUIA
-6)Alod  DIAd  ‘wniyf-(orejourjournbAxoipAy-g):ausseryue(jAusyd(j4-c-urprihd)-¢)siq-01‘6  :bri:vaAdda ‘ourwrejdusydin(jdlozeqieo-N)sin- 7, ¥y VIOL ‘ourzein-s‘c‘1-(j4-¢-[Auaydiq)sin
-9%‘7 Lzl ‘ourpizuaq-([Auayd)siq- NN-(JA-T-oudreyiydeu)siq- NN AN ‘o[InIuoqIedexay-TT‘01¢,‘9‘ e g-aurrexournbly- ¢¢,zif~c‘cJourzeikdip :NOIVH ‘ourpridd-siq[iAip-¢‘c-[[Auaydia-1¢,¢:,1¢1]
E:osm (1hurpukd-¢)-¢l- c]- £‘c  :qdhquil, ‘o[ozeqresiq-e‘c-[Ausyd-6 :dDD ‘ousjAuaydrnezeexay-g1‘6‘8‘s‘y T-ouRAIRXaY-TT0T‘L‘9‘C's IND-ILVH ‘ueinj[p‘glozuaqip(jAroydsoydifuaydip)siq
87 :ddd Rc@smrbaicosmcd y-opxo  aurydsoydjduoydip  :TOdSL thuNconQ\A z-o[ozepruizudqAuayd-N)sin-¢‘s‘t  gdl  ‘euaydoryi[p‘qlozuaqrp(jAroydsoydifuaydip)siq-g‘c
:1dd ‘ouazuaq([A[ozeqred-N)siq-¢‘1 :dow ‘Auaydiq-[ourureifusyd-nN-([Ayaydeu-1)-N]s1q-7*% :aAdN-® ‘Aousipyis wnjuenb [eu1axs :gOF Aousroygie 1omod :gd (AOusIdyjs JULIND (gD ‘oouruIwN] ]

29°0 Iv/dr1/(wu ov) qdédwe/(wu o7)
8T°0 ,9¢T ,¥ST 9,0 o(9£0) 007> — " w 0€0 V0T — — - = Sdda/(wu §z) AdDw 97 193 OENPd
19°0 W %9/(wu 0T) DdV.L/(Wu 0%) opr 10 32
ST'0  ,T€T LT  TLO ,(62°0) TS 007> — . w 060 60T — — - = @dN/(wu 0T) NOLVH/OLI NENPd nyz
JssL8€
AF60)  ,,(T00)  sseee
BT0°0 F9V'T g28Y'T  TLS 0S€  ‘T6T)  €S'€ 08T ,£€'9— — 6 ST ,6'61 — ¥’ 90qe Se A9wo0d3 901A0p WS gD-ZDdT
Ja9€€ (wu 08) v/(wu 8°0)
A26'0) o (€00)  s5'TEE ary/(wu o¥) Ldd/(wu 0g) TNE eer 10 39
g€00°0 g€0¥'T g90V°T LSS L9F ‘ObE  ‘8£T)  SE€'E  ,SO°E— LP9— — 0T 9L pL9T L0657 €9 /(wu 01) dow/(wu S¢) AIN-0/OLI ZILdDZdd  dning
(8¢0) ,S8¥ (wu 0o1) [v/(Wwu 9°0)
+5S90°0— — — 8IS  ‘OT¥-06€ L0SE  ,TLT TLT— hhS— — 87 PEET 8T — ¢'g-T dary/(wu 05) GNAdLE/(WU 0F) 193 dzdad
(°0) ,S8% WL AQVL % 8 VIOL/(Wu 0f) ser I 72
#pLS00— — — TTS  ‘OTP-06¢ L0SE 86T ,I8T— ,L6€S5— — 9z VT T — $'T-T  SSd:iLOUAd/OLI/3ensqns SSe[H 2Dddid niys
(wu 02) v/(wu g°0) 4v7/(wiu o%)
19d.L/(wu 01) Ldd/(wu S1)
555(07°0)  55,0L€ dDW:IaNTWR-9%IM 9/(Wu OT) LD 30
920 ,9LT ,T0€E 434 ‘eog ST JUE— LLS— — »S°L »V9  LVET H06T€ ;8% dOW/(Wu $¢) AdN-®/(Wu 00T) OLI dAD-dLV-# TySeyeyeL,
(A9) ?& (A9) (A1) (x0) (wu) (A9) (A9) (Ad) (€x) (%) (,_m ) (,_v pd) (A (A) uo Anowoad 901a0g punodwio) e
Sgy g sy d wu 1d sqv ™7y OWNTOWOH a1  add dad 4D ‘,_w pd) -uing,

T

(panupuod) T sgel

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
"INV TT:22:9 9202/G/v U papeojumoq *LTOZ AT TT U0 paus!iand 901 Ss300Y uadO

This journal is © The Royal Society of Chemistry 2017

8640 | J Mater. Chem. C, 2017, 5, 8622-8653


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tc02156a

View Article Online

Journal of Materials Chemistry C

Review

parewnsy , “JusWAAXa AD , "oN[eA WNWIXEN , *

q T—

‘DA Ul PAINSBIN , WY UIYL , A (8L°F +
95194)— jo uonenba ay3 ytm yead UOIIEPIXO JO SAFLI[0A JOSUO WO PAJE[NI[eD , “IIE Ul WY 3Y3 JO SHJ 5 “IIE Ul PIINSEIN , 'dUIN|O) Ul PAINSLIN , "23pa uondiosqe ay3 pue [949] OWOH Y3 woly

w pod T Jo dduUBUIWN] B IV ,, “WniyII-0je[ourjouinbAxo1pAy-g bry ‘e1euoqies wnisad £QpTs) ‘wnidled B ouazua(([4-g-ojozepruizuaqiuayd

-N)SUI-G'€'T ‘19 dL ‘ouIpr&dsiqiAip- ¢ e-[[Auaydio-, 1¢, ¢, 1T ][[Auoyd-([Aurpuhd-¢)-¢]- ]-, £‘c :adhduny, Aousrogzs wnjuenb [euralxs :qOF Aousroga 1omod g AdUSIdza JUaLIND (D ‘eourUIWN ]

(wu 001) Tv/(Wu 7) £€0D%D

— €6'C ¥TE — L0EY ,96€ — 6TS—  €I°0‘TI'0 400 46°0 91 1668 €g J/(wu o%) 1gd.1/(wu os) (1911Ws) SdA-DOW-Ad
— S6'C £9°€ £9€ ,ISE ,IS€ ‘00€ — 8£°S— 60°0: T JO SOMRI SSeW Ul SdA-DON-Ad PUEB d9dD-Ad :6d 6d/(WU 0€) SSA:LOAAd/OLI (asoy) agad-Ad 1or TP 32 UNg
SIONIWI JAV.L [qENUI[-SS0Id A[[ewrIdy ],
80%
‘I¥¢ ‘set aaoqe
70,60 ,S°T 1L APS ‘€9T ‘8ET ,8TT— ,T6F— 9570 ‘6E0 8TT 8O0V 068 SPIET  ,pT  SE A1}0W093 90149 owes ZDE-VL
807
‘11 ‘s6T IV/£0D%sD/19d1/2ZD€-VL
LT°0 ,£€°T 67T 9g A6S PIT ‘8ET ,IET— ,S6F—  PS0 ‘TFO  ,S°S £V JT8T  ,S80ST  ,9°C 10 ZD-VI/SSd:LOAHAd/OLI ZD-VL ocr 1P 39 UNS
[543
70 L8'T LO°S 14 ¥8% ‘66T ‘0¥C ,60'C— 8T'S—  LTO ‘8T°0 LT < 8€ — 'S (wu 0o1) [v/(wu 9°T) bry SdA-DVINAZDA
43 /(wu oF) 19d.1/(Wu 0%) TING
600 98°C S6'C 76V 867 ‘66T ‘0¥T ,T€T— ,¥TS—  ¥F0 TTO ,TTT 4T 90¢ 0% /(wu 0¥) SSd:10AAd/OLI SdA-DVINAZD gpy 1D 79 ONT
1v/(wu )
BVE bry/(wu o) 1gdL/(wu 0z)
sTo —  — (s2)e6¥ — ‘86T ‘68T ,69'T— ,STS— TS0 ‘TE0 TS — — 0000T< /% (Pa-1d s90149p) TEAD (£ (¢fo)
43 I0 (FY-1V S201A9p) THAD
1ITro — — (zz2)ocs — ‘66T ‘68T ,¥ST— IS~ 950 ‘80 ,TT — — 00001I< 8% /(wu 0g) SSA:LOAAd/OLI 14a0 1P 3911
2A0qe
900 64T 98'C — — — 87— 89°S— 89¢0 ‘T€T0 0S'T — — —  ¢'¢  seAnowoad ao1ap Swes ZVIFD
[v/(wu 01) eD/(Wwu o)
90°0 LT 6L°C — — — /6'T— TL'S— S8%°0‘99T°0 OF'S — — — g€ 1ddl/(Wu s¢) ZVIUD ZV1ED
€00 VLT LLT — — — ,I0°€— $9£°S— €6V°0 ‘TSTO  0F'T — — — ¢¢ J(wu 0g) SSA:LOATd/OLI ZVITD o 1P 79 IYIDIALY
SIONIWD JAV.L dLWLIpUa(q
(wu 08)
Iv/(wu 8°0) 4r1/(wu o)
ddAqur/(wu oF) pus|q
DdVLVIDL:dgzOd 9%Im
8T°0 69C — (€2) 805 (87) TLF T9€ ‘L0€ ,9LT— sI¥'S— €70 ‘8T°0 0T'8 6 6% L001S 9 0T/(Wwu 0%) SSA:LOAAd/OLI dgzpd oIP 32 9971
(wu oot) [v/(wu 1)
Ar7/(wu 05) adhquil,
— — — (8%)or1s () 015 — pLLT— LEE'S— 6570 ‘00 €9°CT 1€ 8TF  LISTO0T  ,9°C /(WU 0F) DDAV 10 DIAVd D1dvd
— —  — (8) 8% (6),L¥ — pLST— 8ES— V0 'STO FET L9°€ 9¢ FSS  L,0€ /(W 0S) SSIILOAAd/OLI D0dvd opr 1P 72 NYZ
’ SN AAdV.L o«qu%—Qn—
(09 ) ) @D k) (@w ()  (a9) €0 (%) (mwp) (vp) ,w (A)uo Anaw0a8 2210 N Jou
Isgy Ly sy (wu) wy (wu) wy sqv OINN'T OINOH 410 304 ad a0 po 1 -uing,

"INV TT:22:9 9202/G/v U papeojumoq *LTOZ AT TT U0 paus!iand 901 Ss300Y uadO

SIORIWL {QV1 Paseq-210zeqied dURWILIPUSP pue dUBWAIOd ¢ d1qel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

8641

J. Mater. Chem. C, 2017, 5, 8622-8653

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tc02156a

View Article Online

Review

Journal of Materials Chemistry C

IoNTWd w8VE
— LT0‘8T'0  ,T9 — 80T T9 v ISOUJIBS ,6T°E 06T  ,8S¥ ,'SLY ‘T6T ‘8LT ‘T€T THT— 96—  €IT [1]37% os-zpod
/£00%sD/adAdwL/0S-zDod RENNIIE] £0S€
—6T°09T'0 ,9C — 0% T'S 10 0S-2DGY/SSd:10AAd/OLI ISOU-J[aS ,6T°€ 16'C 0V ,,'SLV ‘86T ‘S9T ‘s€T Te€t— [ASS— 08 08¢ OS-ZDWP 4, IV 72 Ueq
IoNTWId W6LE
0562C 1S°0 ‘¥T°0 ,1°0T L,$0€  09°¢ (wu o0T) [v/(wu ) *0D%sD ISOUJI3S ,68'C ,8'C  4L8¥ ,,'SES ‘€6T ‘€9T ‘8€T SIT'T—  S—  8TI L0V ZDE-ZL
J(wu 6¢) zDE-ZL 10 ZD-ZL Ioprud WbLE
00T 8T TS0 ‘P20 ,5°9 —  ,000T 0007 /(wu ¢T) SSA:LOAAd/OLI ISOUJI3S ,68'C 8T  L06F ,'SES ‘S6T ‘ST ‘O€T sIET—  LS— 96 T8¢ ZD-ZL IV 72 ueq
(wu 0071) [v/(wiu 1) 41
— — — — — — /(wu g¢) qahquy/(wu ST) — 66 TLT — 8EE ‘PTE 68'T— FP'S—  T¥L 6TF 19dDw-d
— - = — — — 3sangasoy/(wu ¢9) — 95°¢ 08T — 8€€ ‘vee S8 T—  HS— vl ¥6¢ Igdow-u
—85°0°LT0 A8T 0Ty Lp09 FE  DAVL/(wu §) E00W/OLI NdIZD¥ 8S°€ 00°€ — 8€€ ‘VTE 98T~ F¥'S—  0€T 00% 14dDwW-0 , ‘v 2 OeYZ
(wu 007) 1v/(wu 1)
Ar7/(wu 6¢) TOodSL/(Wu 5z)
NdIZD¥:(T : T qdAqug
:dow)/(wu 1) dow
— - - - — —  /(wu 07) DAV.L/(wu 09) L€ ,8LT — — LT— v9- — — qdiqug EEY
— — 98¢ 99§ — —  SSd:Loddd/(wu 0S) OLI NdIZD¥ L€ 6T — — ¥'T— 19— 09-0S (413 dow pue wny
(wu 001)
v/(wu 1) 4r7/(wu 09) 19d.L
J(wu §2) NdIZDF:d0SdDW
J(wu 0¢) zDu1-A]0d
— — £TC 6L 18 8F /(wu ST) f00N/OLI NdIZDV €€ ,20°€ — — GT— 8S— 01l — q0sdow ., v 32 [eD
(wu 007) [v/(wu 1)
Ar7/(wu s€) TOdSL/(wu s
‘9¢€) NdIZD¥:NDAZDd
/(wu 01) dow
/(wru 0Z) DAVL/(Wu 09) 162
— — L'9¢ — — € SSd:LOdd/(wu 0S) OLI NdIZD¥ 88C 1L°C LTh ‘08T ‘15T ‘9€T 9T E— FT9— — — NDOQ@zDA ;P 72 OYD
(wu 08) [v/(wu 8°0)
dry/(wu o%) Ldd/(wu 0T)
ISOUNA.LZD-%IM €/(W 01) o P 92
—SP0‘8T0 ST ¥'¥C TLE 0T dOW/(Wu §€) AdN-©/OLI NdIZD 6°€ ,00°€ (433 SIE ‘L8T sST— 99— — [ 7A7% zDzd  OJOWIYSIN
aa0qe
LOSTTT 67°0 ‘CC’0 ,I'ST ,8'6T  ,6'LE 6% st Anowoad 9o1aop oures NdIZDV ,TS°€ 9L'C L0V OF€E ‘9TE ‘T6T sST'T— £9°S—  OFL very zddddu
p
(wu 007)
v/(wu 1) gry/(wu o)
,0686T 85°0 ‘TE'0 ,L€'€T ,2ce LI'T¥ 8¢ ddidur/(wu 0g) NdIZO¥ NdIZD¥ 7€ 8LT 08¢ 8¢ ‘88T s1TT— A9S— 68 8/€ zdAzD-€
,050%T £S°0 ‘0€°0 LI'CT ,02C  ,S°LE ST %M sasoy/(wu 0g) DdV.L NdIZD¥ ,S°¢ €8°C €0V TVE ‘9TE ‘€6T s€T'T— £9°S— €8 0s¢€ zdAzD-w
,08LCTT ¥S°0 ‘9T°0 ,LL'€T ,L'€C  ,9'6€ 8% /(Uw 0%) SSd:LOAAd/OLI NdIZD¥ ,£S°€ TO'€ L6€ OF€ ‘LTE ‘66T 9TT— 69°S— 0L £ee zdazd-0 ;0111
(wu 007) Tv/(wu 1) 41
J(wu o) gdAdwL/(wu 0T
,968/ 8T°0 ‘LT°0 ,0T'8 ,CT'IT ,I¥¥T 8¢ ‘%M ¥) NdzDTasoy/(wu ) PEVE LLLT 907 ,£V€ ‘TEE ‘96T ,9T°T— ,65°S—  OVT OFP-0SE NOzD-d
,066% 97°0 ‘LT°0 ,86'FT ,95°9T ,L£9C 8% VILOL/(Wu 0Z) DAVL S8Y°E 18T €0 ,FVE ‘6T€ ‘96T ,FT'T— ,09'S—  TTL OPP-0S¢E NOZD-w
,9%LT €270 ‘L1°0 ,TSFT ,9¢°8T ,£T6C TS /(WU 0%) SSA:LOAAd/OLI NdZOT ,86°€ ,10°€ €0V ,T¥E ‘8TE ‘S6T ,9T'C— ,FL'S—  ¥6 0¥F-0S€E NDZD-0 PYCECRG
w (@9 (%) (-m(GvPpd)(a)uo Apawoasd 2dmea zoprud (42) () (20)  (wu) Yy (a9) (ad) (9) (0.  punodwon ER!
Pd) 1 q10 404 wy) q0 -wing, q (wu) 1y OWNT OWOH L VOL
ad

4QV.L 104 S|elaleW IS0y paseq-a10zeqied) ¢ alqel

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
"INV TT:22:9 9202/G/v U papeojumoq *LTOZ AT TT U0 paus!iand 901 Ss300Y uadO

This journal is © The Royal Society of Chemistry 2017

8642 | J Mater. Chem. C, 2017, 5, 8622—-8653


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tc02156a

View Article Online

Journal of Materials Chemistry C

Review

auaoerueAuaydip-01‘6 'S4 , ‘Adoosondads womnos[p010Yq , 219ydsoune N 19pun , “§[DHD Ul , ‘INDA Ul ,, "W P2 T 10§ adeyjoa wo:mm< ainjeradway uaSontu pinbiy ye 14 y e P2 0001
IV [ 9ouaosaroydsoyd ur uonisuen 0-0 Woiy , EE ::t ur EoUmobuumm P14 uonsspoloyd ,, desd Eozmo -OINOH WoI1j paje[nofe) \CquEm:o\/ 104> WOl ,*daN[es WNWIXel , *23pa uon
QSBN woid , ) ££ ¥ AHIPN-C , 'W[Y urylL , (A2 ¥'%) 408 A ,, @:otsmE:us&ocezomo:u%s:u -0T‘6- TEBE% -6°6)-7]S1q :SAA-DVINA ‘dUIPLIDROIPAYIP-0T‘6-[AUadIp-6°6- :\E@na:% -g-uIzZeLn
-6‘e‘T-[Auaydip-9‘%)-¥)-01 ZdL-OVdd wﬁ%ﬁ%%ocm%u -$-9]0ZeqIRORINI-9‘G‘CT (AANDZOV ‘9UdZUdqOURAIIP-F*T-(]A-6-[0ZBq1RD)SIq-S‘T NALZD ‘9U9ZUdqOURAIIP-9‘F- Qx 6-10ZqIBD)SDBIN-S‘STT
INdIZO¥ ‘ornuoreyiyd(j4-6-[0zeqIed-He6)Ip-S‘y :Ndzd¢ “durjorypueudayd-o1‘1-[Auaydip-,£‘y uaydagd ‘opmxo 1oyis(jdusyd(ourydsoydiduaydip)-z)siq :0dddd ‘ourwerp-,#*y-[[Ausaydiq-, 1‘1]-jAusydip
- N‘N-(1Auareypydeu-1)siq- NN AN 9[IDIUO0QIRdeXaY-TT 0T L 9 ¢ c-ourexounbly- ¢¢ 7 ¢‘clouizeiddip :NDIVH ‘ouazuaqiAuojinsjfuayd-1-(j4-6-[ozeqies)ip-s‘c :gosdow ‘1owikjod s[ozeqied
-S11} .NU:B.%_OQ fopIxoln) WnuapgAjow QO ‘oUIPLIdROIPAYIP-0T6-[Auaydip-6‘6-(JAuayd(jA-z-urzemn-g‘¢‘1-[Auaydip- oi $)-0T ZYI-DVdd ‘[[0zZepruizuaq-Hi- &:uam 1]sm([A1nauazuaq-ce‘T)
-, ' 1gdlL qAuayd(1AisiAuaydin)-p-apixo surydsoydjAuaydip :1OdSL Ecm.smﬁﬁoz:bm -[Auayd-N-([Ayaydeu-1)-N]siq-, 7'y :addN-® ‘duazuaq(jAuaydis-¢-puidd-w)in-c‘c‘1 :gdhqu, ‘ourure(jAuayd
Qbonn:mo 6)-7)SIN-N‘N‘N VIDOL ‘(aurtue[A[03-d-N-TAuayd-n)siq(JAIp-T‘ T-0Uuexayo[ohd)- 7% :DdV.L ‘eoueurwn] = ‘Aousiogje winjuenb [euraxs :gOJ ‘Aousrogje 1omod :gd ‘Adusiofge Jua1md gD

v
/(wu 1) 4r7/(wu oy) usydd
/(wu ) odada/(wu og 5(%85) ,,£8¢ w8TT
—0€0'ST0 TEL ¥TC  T'ST 0S€ ‘%0T) SAQ-OVINA:0dXdzD6 SAA-DVINA SS'€ ,0°€ ‘99¢ ‘6¥€ ‘18T ‘6T€ ‘I¥E [S'CT— £0°9— TIT vy OdAddAZD6
J(wu g) gouwy/(wu oz) 5(%6¥) ,£8¢ w6TT ‘€97

— 0€'0‘ST'0 29T T1'8C €'T¢ 0S¢ mmz\?:c ou fOOIN/OLI Sdd-DVINA 89°¢ .No.m ‘99¢ ‘6¥¢ ‘€8T ‘LTE ‘I¥E kmm.ml &no.wl 16T TIS OdSAdAAZD6 g,V 72 MEQ
(wu ozT) [v/(wu §°0)

Ar7/(wu oF) 1gd.L/(wu ot) ove
— $€09T°0 ¥°0T — — — T0dSl/(wu 07) Z4I1-0vdd Sv'e $0'E 09€ ‘STE ‘00€-0LT 509°T— 409—  — —  19-dI19-2D6€
%3IM 0T:3s0Y/(Wu ¢¢) ove
— $€09T°0 80T — — — DdVL/(Wu 0T) NO-LVH/OLl ~ Z41-0vdd 9¥%'€ T0'€ 09€ ‘STE ‘00€-0LT 556°C— 4109—  — —  14-AI9-ZD6T 1P 32 D

(wu 00T) Tv/(Wwu 8°0) ATT
/(wau 09) gdAdwiL/(wu oF)
AANDZDY:(Ed0wzDINDd

,00C6T 09°0 ‘€€°0 08 [L€T  #9C €€ 10 £900zDINDd 96'c ¥9°C (,6S/€¥) LEFS w8SE ‘S8T SV'T— AV'S—  PEL 0¥ fapwzdgNOd

LOLEVT 190 ‘T€°0 08 F€L £9C L€ 10 aNwzguDd) 26'C ¥9'T (,0T/ET) FES wlTE ‘68T sLV'T— 6€S— 99T 00¥ £100zDgNDd

,L00T9T 090 ‘TE0 88 89T 8L ¢ /(WU 0F) SSI:LOAId/OLI ANDZOV €1'€ 69T (,€9/1S) €97 wbEE ‘86T 8TT— AES—  THT vy aWwzDgudd . v 30 08D
(uru 00T)

v/(wu ¢'1) gry/(wu os)
ddAqwir/(wu oz) (Naz
10 ZdZ) 3S0Y %M 9 NdzZDT

99€9 FE'0 ‘LT0 £'ST —  6TVL 0LF J(wu sz) DAVL/(wu ) NAZOT ,S¥°€ ,T6T 48L€ JIVE V6T LTT— RLS— — — ZQN
T€TE V€0 ‘LT0 8T — RLOT 00°S ND.LVH/(wu 0g) O.LI NdZOT ,1S°€ ,¥6°C W8LE ,IVE ‘LTE 6T 61T— ALS—  — — Zaz ,,1v 32 3uey
- (@%) (%) (_m(_vpd)(a)uo Andwoad 2o10q prd  (A9) (A9) (a0)  (wu)vy (A9 (a9 (O)  (0.) punodwio) oy
Pd) 1 d10 04 wy) 0 -uIng, Sy iy (wu) My OWNT OWOH I VOL

ad

(panunuod) ¢ aqe]

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
"INV TT:22:9 9202/G/v U papeojumoq *LTOZ AT TT U0 paus!iand 901 Ss300Y uadO

8643

J. Mater. Chem. C, 2017, 5, 8622-8653

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tc02156a

Open Access Article. Published on 11 July 2017. Downloaded on 4/5/2026 6:22:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

Carbazole-based host materials for
TADF applications

Organic host materials for PHOLEDs including carbazole-based
materials were thoroughly reviewed by Tao et al.'>* The article
highlights hole-transporting, electron-transporting and hybrid
bipolar transport materials. A thorough representation of the
application of these materials is presented in a tabulated
format for host properties and device characteristics. Particular
challenges remain in the creation of bipolar hosts for blue
phosphors, including improvement of efficiency roll-off and the
overall simplification of devices in general. Solution process-
ability thereby is presented by way of polymers. Fundamentally,
however, small oligomers are key to the development of effi-
cient, stable PHOLED devices. In general, host materials are
conductive environments that serve to avoid aggregation-
induce quenching of the long-lived triplet excitons and an
effective system for energy transfer between host and guest
emitting species. Host materials applied to TADF applications
are cited herein along with physical, spectroscopic and device
characteristics, Table 3. The host material for TADF applica-
tions is an important component in TADF devices as it influ-
ences the electroluminescence, lifetime and fluorescence
quantum yield."** Design principles are common for materials
toward first and second generation OLED applications such as
high physical and morphological stability, good film-forming
abilities, bipolar charge transport properties for balanced hole
and electron densities in the emitting layer, as well as appro-
priate alignment of the HOMO and LUMO with adjacent layers
to facilitate charge injection.'” The criteria specific to function
as a host material for TADF applications require efficient
spectral overlap with the dopant (TADF emitter), a higher triplet
energy level (E) compared to the dopant to avoid reverse energy
transfer and a widened HOMO-LUMO energy gap (E,) com-
pared to the dopant so that charges get trapped significantly
only on the dopant.>® Herein, the widened HOMO-LUMO gap
is a significant drawback as this leads to increased drive voltage
of the devices. The molecular design for high triplet energy
includes building blocks with inherent high triplet energies
(carbazole) and a handle on the m-conjugation length through
modulation of the linker units and incorporation of distortions in
the molecule.'” For bipolar charge transport properties, a strong
intramolecular charge transfer between donor and acceptor units
is needed, which may lower the triplet energy level. Bipolar
charge transport is also needed for high emission efficiency
and ensuring low efficiency roll-off. Thus, a disruption of the
n-conjugation-based connectivity between the donor and acceptor
units by insulating, saturated atoms (sp>-hybridized C or Si) or a
twisted m-conjugated spacer is favorable' for maintaining a
triplet energy level and blocking of intramolecular electronic
coupling, yet negatively effects carrier transport properties.'*
The role of the host specifically serves to separate the emitting
species to reduce the concentration of high energy excited state
species to reduce loss processes through photophysical processes,
notably triplet-triplet annihilation,">"*® and device efficiency,
i.e. roll-off behavior.*
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The host serves as a matrix for the emitting species and thus
phase-separation and crystallization are of concern to ensure
device stability particularly upon heating as well as during
device operation.’®® These concerns were addressed by the
development of dendrimeric self-host materials comprising a
combination of host and emitting species as outlined below.
The donor component in a host material is often based on
carbazole or derivatives thereof due to its inherent high triplet
energy (Er) and good hole transport ability."”” Of interest is the
acid/base chemistry of the nitrogen at position 9, as well as the
electrochemically active positions 3 and 6 of nascent carbazole
vide supra.®®> A range of non-carbazole-based hosts were
developed specifically for TADF applications including twisted and
spirocyclic phosphine oxides'*® and acridine-based sulfones."*°
In addition, Sandanayaka et al. highlight the significant role
the host - as opposed to the emitter - plays in device stability —
or the lack thereof."®®

Known carbazole-based host materials include TCTA, CzSi,
and CBP, which were utilized by Zhang et al in TADF
applications."*" TCTA'® % is characterized by a high glass
transition temperature of 151 °C."®* CzSi is known for a high
glass-transition temperature of >131 °C and hole mobilities of
5 x 107 em® V' s71.%%1% CBP is a widely used material'®'®°
which tends to crystallize, suffers from a low glass transition
temperature of merely 62 °C,'®” and has a known decomposi-
tion profile as investigated by Kondakov.'®® In addition, the
low triplet energy of 2.56 eV results in inefficient energy
transfer from the host to the guest and thus to poor device
characteristics."®

Tanaka et al. presented a wide-energy gap material of 3.26 eV and
high T, energy (2.92 eV) entitled 3,4-di(9H-carbazol-9-yl)benzonitrile
(2CzBN") for use in TADF applications originally as an emitter.
Since no TADF activity was found, the research group utilized 2CzBN
as a host in various devices.

Li et al. designed three host materials 0-, m-, and p-CzCN"” and
provided evidence that among the three constitutional isomers of
0-, m-, and p-CzCN a balanced charge-carrier mobility as well as
sufficiently high singlet and triplet energy level are additional
factors leading to better TADF device performance for both m-,
and 0-CzCN compared to p-CzCN, Fig. 11.

Li et al.'”* prepared bipolar host materials, several contain-
ing carbazole units for the p-type component and pyrazole for
the n-type component in a ratio of 2:1 for 0-CzDPz, m-CzDPz,
and 3-CzDPz with a control compound of 1:1 ratio mCPDPz,
Table 3. All materials exhibit high enough triplet energy to be
hosts for all types of (RGB) emitters, Fig. 11.

Cho et al. introduced a universal host material entitled
DCzDCN for both PHOLED and TADF applications and
created a material with a similar HOMO energy level, however,
a deeper LUMO level compared to other carbazole-based hosts.
A device containing DCzDCN compared to CBP showed
a decrease in turn-on voltage by 0.5 V, the absence of roll-off
behavior, and a 20-fold improved lifetime coupled, however,
with limited luminance since the device utilizing 4CzIPN
(1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene) did not reach
1000 cd m ™2, Fig. 11."72
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Gaj et al."”® developed mCPSOB as a new host material for
TADF applications characterized by ambipolar charge proper-
ties. Under the application of 4CzIPN as a TADF emitter, an
EQE of 21.5% at the luminance value of 1000 cd m 2 was
recorded. At the same time, a low roll-off at high current
densities was recorded. This was attributed to the high energy
level of the triplet state of mCPSOB (3.02 eV), which suppresses
triplet exciton quenching, Fig. 11.

Host materials can be tuned by mixing as presented by Kim
and Lee.*® The known host material mCP shows only a glass
transition temperature of 65 °C, a HOMO/LUMO energy level
of —5.68 €V/—2.17 eV and a triplet energy level of 2.9 ev.'7*'7°
A mixed host system, however, with a deep HOMO level
combined with a high singlet energy and triplet energy level
was achieved by mixing mCP:BmPyPb. This allows for the
suppression of exciton quenching. The system performed as
an exciplex-free host system with the green emitting species
4CzIPN, Fig. 11 and Table 3.

Zhao et al. studied o-mCPBI, m-mCPBI, and p-mCPBI as host
materials for TADF applications.’”® In comparison to mCP,
these new materials showed higher T, and thus the presence
of benzimidazole significantly improved the morphological
stability. The geometric parameters of o- vs. m- vs. p-linkages
modulated the photophysical properties and specifically the
triplet state around the values of 3.00, 2.80, and 2.71 eV,
respectively, Fig. 11.

Nishimoto et al. developed an organic-inorganic hybrid
material hexakis(9H-carbazol-9-yl)cyclotriphosphazene (PzCz)
(Fig. 11) to serve as a host material in TADF devices and 2,5-
bis(carbazol-9-yl)-1,4-dicyanobenzene (CzTPN) as a blue-green
TADF emitter.>® PzCz is characterized by high triplet energy
(Er = 3.0 eV) and showed external electroluminescence quan-
tum efficiencies of 15-18% when combined with CzTPN and
4CzIPN, Fig. 11.

Ban et al. constructed dendrimeric structures as self-host
TADF materials. The combination of host and emitting species on
the dendrimeric molecule avoids phase separation."*®'”” Tz-Cz
and Tz-3Cz"”” molecules included alkyl chains to allow a non-
conjugated linkage between the host and the emitting species,
Fig. 11. This concept led to increased solubility, avoided
crystallization, and improved charge transport and the insula-
tion of the emissive core from the surrounding host material as
was previously applied to PHOLED-hosts."”® For dendrimeric
materials tbCz-SO and poCz-SO, Ban et al. combined ¢-butyl-
carbazoles and phosphine oxide carbazoles,’*® wherein the
phosphine oxide carbazoles afforded high thermal stability,
balanced charge transport, and stable color purity, Fig. 12.

Kang et al.'”® synthesized new, bipolar host materials con-
taining carbazole, pyridoindole, and dibenzothiophene entitled
ZDZ and ZDN for blue-emitting TADF applications. Utilizing
the emitter 2CzPN, the host containing all aforementioned
units, ZDN, exhibited an EQE of 25.7%. Among these, ZDN
has very low current density attributed to a large kgisc along
with charge balance. The improved performance of the ZDN
host material is attributed to the smaller non-radiative decay
rate in comparison to other host materials, Fig. 12.

This journal is © The Royal Society of Chemistry 2017
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Solution-processed host materials pPCNBCzmMe, pCNBCzoCF3;,
and pCNBCzmCF; (Fig. 12) were introduced by Cao et al.'®’
These new materials are based on bicarbazoles and Cao et al.">’
were able to create new materials with improved solubility,
electron-transport properties and electrochemical stability
compared to nascent biscarbazole.

The application of benzimidazobenzothiazole in combination
with carbazoles led to another type of bipolar host entitled
29Cz-BID-BT and 39Cz-BID-BT (Fig. 12) as developed by Cui et al.™™*
Therein, a disruption of the donor-acceptor m-conjugated system
was achieved utilizing the sp*-hybridization of the nitrogen-
atom of carbazole linked on the benzimidazobenzothiazole
acceptor units. Cui et al.*>* utilized DFT and triplet-spin density
models to localize electron density firmly on the carbazole unit.
Both hosts have high triplet energy levels of 3.02 eV and 3.04 eV,
respectively. The group was able to prepare blue TADF devices
with a high EQE of 20.8 and 20.4% with low efficiency roll-off,
respectively.

Hosting blue-emitting TADF materials places specific
requirements on the host materials such as high triplet energy
that allows for exothermic triplet host-dopant energy transfer.
Ding et al.'® investigated the special effects governing hosts by
preparing new quaternary phosphine oxide hosts 9CzFDPESPO,
and 9CzFDPEPO, which included n-conjugated extender systems
for the former and for the latter, a doubling of the phosphine
oxide units compared to 9CzFSPO,"® in which the electron
mobility was found to be proportional to the number of phos-
phine oxide units present, Fig. 12. The high triplet energy of
3.0 eV was preserved and HOMO/LUMO energy levels of —6.1 eV
and —2.5 eV were observed for effective energy transfer and
carrier injection, which allowed for the observation of high
external quantum efficiencies of 22.5% for 9CzFDPESPO.

Overall, newly developed host materials pivoted around high
triplet energy, bipolar behavior and solution processability. New
materials were designed by a variation of substitution patterns,
and host property variation by mere mixing up to dendrimeriza-
tion of emitters. Acceptor units included nitrile, pyrazole and its
derivatives, sulfoxide, phosphine oxide, benzodithiophene, and
benzimidazobenzothiazole.

Computational analysis as applied on
materials for TADF applications

DFT'®! computations have been utilized to model materials
for TADF applications and along with the extension of time-
dependent DFT to fundamentally understand the electronic
and photophysical properties leading to TADF behavior. The
observed charge-transfer nature of TADF materials along with
the small singlet-triplet splitting of <0.1 eV requires a careful
choice of the level of theory in order to achieve balance between
efficiency (qualitative) and accuracy (quantitative). Standard
exchange correlation functionals (SVWN, BLYP, or B3LYP) are
known to underestimate excitation energies (HOMO-LUMO
gap)'®® due to a mismatched exchange correlation, electron
self-interaction or delocalization error, derivative discontinuity
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or electron-electron potential at large distances. The incorrect
asymptotic behavior observed in the orbital energies of the CT
excited states is the result of a self-interaction problem.
Thereby, the term electron-transfer self-interaction is used
because the orbital that accepts the electron exhibits coulombic
repulsion between both the accepting and donating orbitals,
which is not present in the CT state, yet not canceled by the
time-dependent density functional theory (TD-DFT) calcula-
tions except if exact exchange is present.

A survey of literature presenting quantum-chemical calcula-
tions in the context of the synthesis of TADF materials and their
characterization in TADF devices revealed that the B3LYP
functional combined with the 6-31G(d) basis set predominates
for geometry optimizations of the ground state and computa-
tions involving excited states. Other utilized functionals include
CAM-B3LYP, M06, M06-2X, PBEO (25% HF) and HF. The basis
sets range from STO-3G, to 6-31+G(d), D98(d,p), 6-311+G(d,p),
and cc-pVDZ, LANL2DZ, Table 4.

Tapping into the biological toolbox, Shu and Levine pre-
sented a computational, simulated evolution approach for the
identification of fluorophores for OLED application under the
caveat of TADF functionality namely small S,-T; gap and large
S, transition dipole moment."** The group applied a tree-based
genetic algorithm with eight genetic optimizations utilizing a
molecular space of candidate fluorophors utilizing parole,
thiophene, furan, pyridine, pyridine, and benzene acceptor

View Article Online

Review

groups with cyan-, aldehyde, carboxyl-, trifluoromethyl and
2,2-dicyanoethenyl EWG and carbazolyl, phenothiazinyl, carbo-
linyl, thieno(3,2-b"-indolyl), and indolyl EDG. Initial optimiza-
tions were run at the B3LYP/STO-3G level of theory followed by
optimization of S, at the CAM-B3LYP/6-31G(d,p) level of theory
and the T, state computed at the RO-CAM-B3LYP/6-31G(d,p)
level of theory and the S; state at the CAM-B3LYP/6-31G(d,p)
level of theory to compute the S;-T; gap along with the S-S,
transition dipole moment as utilized in the optimization. The
limitation of using the CAM-B3LYP functional did not allow the
assessment of the target compounds for emission wavelength
and the S; and T, computed at S, geometry rather than the
Franck-Codon point - a notion leading to an expected error
of <0.1 eV. A range of possible molecules is suggested with a
need to include synthetic accessibility into the algorithm. On
the selected 7518 molecules, Shu and Levine'®* presented the
known example of carbozolyl and dicyanobenzene examples as
exploited by Uoyama et al.>' and pyridines bound to various
electron donors (without withdrawing group), 3-cyano- or
3,5-dicyanopyridines bound to various electron donors, carbazolyl
pyridines with carboxyl or aldehyde withdrawing groups as
already explored by Tang et al,'®® carbazolyl cyanopyrazines,
and phenothiazinyl 3,4-di(2,2-dicyanoethenyl)-furans.

Chen et al.?°° tackled the experimental observation that DAD
systems under special circumstances show singlet excitons
exceeding the theoretical limit of 25% and deviate while having

Table 4 Survey of applied levels of theory in DFT calculations for assessment of the ground state and excited states in TADF materials

Ground state geometry optimization

TD-DFT for excited states

Ref. Functional Basis set Functional Basis set
Albrecht et al.'*® HF, PM6” 6-31G b b

Ding et al.'®° B3LYP 6-31G(d) B3LYP 6-31G(d)
Huang et al.'** B3LYP 6-31G(d) B3LYP 6-31G(d)
Ishimatsu et al.'® B3LYP 6-31+G(d)° b b
Ishimatsu et al.'®* M06-2X 6-31G(d) M06-2X 6-31G(d)
Kitamoto et al.'®® MO06 6-31G(d) MO06 6-31G(d)
Komino et al.* B3LYP 6-31G(d) B3LYP 6-31G(d)?
Lee et al.'®® B3LYP 6-31G(d) BLYP, MPW1B95, BMK, M062X, and MO6HF* 6-31G(d)
Lee et al.’’ CAM-B3LYP cc-pVDZ CAM-B3LYP cc-pvDZ
Lee et al.*® CAM-B3LYP cc-pvDZ CAM-B3LYP cc-pvDZ
Li et al."®’ B3LYP 6-31G(d) b b

Linfoot et al.'®® B3LYP LANL2DZ B3LYP LANL2DZ
Liu et al."® B3LYP 6-31G(d) b b

Lu et al.**° PBEO (25% HF) cc-pVDZ PBEO, B3LYP, CAM-B3LYP cc-pvDZ
Mayr et al.”® B3LYP 6-31G(d,p) B3LYP 6-31+G(d,p)
Park et al.** B3LYP, PBEO 6-31G(d) PBEO 6-31G(d)
Sagara et al.'*? PBEO 6-31G(d) PBEO 6-31G(d)
Shizu et al.”® M06-2X cc-pVDZ b b

Shizu et al.'*? M06-2X cc-pvDZ M06-2X cc-pvDZ
Shu et al.*** B3LYP, then CAM-B3LYP STO-3G then 6-31G(d,p) CAM-B3LYP (TD, TDA) 6-31G(d,p)
Tanaka et al.'® CAM-B3LYP cc-pvDZ CAM-B3LYP cc-pvDZ
Tanaka et al.®’ PBEO 6-31G(d) PBEO 6-31G(d)
Tsai et al.** B3LYP 6-311G(d) b b

Wang et al.'*® B3LYP 6-31G(d) B3LYP 6-311+G(d)
Wu et al.'”’ B3LYP 6-31G(d) b b

Xie et al.'®® B3LYP 6-31G(d,p) MO06-2X 6-31G(d)
Zhang et al.”’ B3LYP 6-31G(d) B3LYP; optimal HF exchange method 6-31G(d)
Zhang et al.'* B3LYP 6-31G(d) B3LYP 6-31G(d)
Zhao et al.'’® B3LYP 6-31G(d) b b

“ Semiempirical level (PM6) ® No data related to these calculations is reported; 6-31G(d). ¢ The reported basis set 6-31+(d) was corrected to
6-31+G(d). ¢ The reported basis set 6-31(d) was corrected to 6-31G(d) as confirmed by the authors. ¢ Tabulated data does not specify which
particular functional was applied for the reported results of each compound.
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Table 5 Comparative and benchmarking computational studies of a range of functionals and basis sets for the assessment of TADF materials in ground

state and excited states as well as singlet-triplet gap

Ref. Functional(s) Basis set(s)
Uoyama et al.>' PBEO (25% HF), B3LYP, CAM-B3LYP, ®B97X-D, M06-2X 6-31G(d)
Moral et al.*** PBEO, B2-PLYP, B2GP-PLYP 6-31G(d), def2-TZVP,

Penfold et al.>"*

PBE with Grimme’s D3 dispersion scheme and Becke-Johnson damping scheme

def2-TZVP/JK and def2-TZVP/C
def2-TZVP (def2-SVP for H)

Liang et al.* B3LYP (20% HF) compared to BLYP (0% HF), MPWLYP1M (5% HF), B3LYP* (15% 6-31G(d)
HF), PBEO, MPW1B95 (31% HF), BMK (42% HF), M06-2X (56% HF), M06-2X (56% HF),
MO06-HF (100% HF); excited states at (CAM-B3LYP, ®B97X-D); OHF-method
Huang et al.>*? BLYP (0% HF), MPWLYP1M (5% HF), TPSSh (10% HF), B3LYP (15% HF), B3LYP (20% 6-31G(d)
HF), PBEO, MPW1B95 (31%HF), BMK (42% HF), M06-2X (56% HF), M06-HF (100%
HF); Cam-B3LYP, LC-0PBE, ®B97X-D, LC-BYLP; OHF method
Zhang et al."™ B3LYP, PBE0, MPW1B95, BMK, M06-2X and M06-HF 6-31G(d)
Sun et al.>** PBE (0% HF), B3LYP (20% HF), M062X (56% HF), M06-HF (100% HF) as well as 6-31G(d) to 6-31+G(d), 6-311G(d),

CAM-B3LYP, LC-0PBE, ®B97X-D

larger than recommended energy gaps. Under application of
potential energy scans along donor-acceptor angles utilizing
TD-DFT using the BMK functional combined with the 6-31G(d)
basis set, the group identified conical intersections when the
acceptors are at 90° where degenerate molecular geometries
exist. At points close to 90°, the conical intersection is acces-
sible and thermal energy is enough to couple T; geometry with
the conical intersection and thus allows non-adiabatic coupling
to promote T; — S; RISC rendering the butterfly type chromo-
phore important for TADF applications.

The following is an overview of comparative and bench-
marking computational studies, which tackle the electronic and
photophysical properties of carbazole-containing TADF materials,
Table 5. Uoyama utilized DFT calculations to optimized geo-
metries of the singlet ground (S,) and first excited state (S,)
along with the first excited triplet (T,) state and thus to predict
CDCB properties. The cyanogroup inhibits non-radiative deac-
tivation and minimizes modifications to the geometries of
S; and T;.*' Chromatic tunability is integrated through the
number and substituent pattern on the dangling carbazole units.
Among the functionals PBE0O, B3LYP, CAM-B3LYP, wB97X-D and
MO06-2X that were utilized, the latter parameters performed best
for absorption wavelength, singlet-triplet energy gap, charge
transfer character and geometric features of dihedral angles
between geometries, Table 5.

Moral et al. specifically explored the singlet-triplet energy
gap in OLED materials with particular care on studying
the charge-transfer character of the materials employed by
identifying and validating a theoretical model, bracketing the
influence on calculations and analyzing which excitations led
to the singlet and triplet states obtained.?** The ground state
geometry is best modeled using a large basis set and dispersion
correction, i.e. the PBEO-D3(BJ)/def2-TZVP level of theory. The
Eva(S1) and Ey,(T;) were modeled utilizing a Tamm-Dancoff
approximation (TDA) approach, which showed a negligible
effect on Ey,(S;) up to 0.11 eV and a significant effect on Ey,(T,)
up to 0.4 eV independent on functional choice (TDA-PBEO/
6-31G(d) vs. TDA-B3LYP/6-31G(d)). The impact, thus, transpires
to AEsy with an improved maximum deviation from 0.58 eV to
0.23 eV. Intramolecular dispersion effects did not affect the
ground state geometry with a maximum deviation of 0.01 eV,

This journal is © The Royal Society of Chemistry 2017

6-311+G(d), and 6-311++G(d,p)

however, the larger basis sets (def2-TZVP and def2-QZVP)
modulate E(S;) by £0.1 eV yet to a smaller degree for E(T,)
with £0.05 eV, where a convergence with the smaller, less costly
def2-TZVP basis set was shown.

Comparison with experimental values based on the onset of
absorption and emission spectra necessitates the comparison
with Ey(S1) and E(T,), respectively where the application of
PBEO0-D2(BJ)/def2-TZVP showed a close agreement between
experimental and theoretical values with MAD and RMSD of 0.1
and 0.06 eV. Obtaining Ey(S;) showed convergence problems.
Immersed in a solvent environment, molecules with CT component
require the non-equilibrium polarizable continuum model (PCM)
leading to MAD and RMSD of 0.11 and 0.13. A completed natural
transition orbital (NTO) analysis keeps the excitation energies the
same, however, does compact all the transitions associated with an
excitation to one single electron-hole pair. Using this approach, an
electron-hole distance Ar was computed and a cutoff-value of
>1.5-2 A used to determine the presence of a CT excitation and
an inverse relationship between distance and AEgy values.20>2%6

Penfold**® surveyed 31 molecules for overlap between the
HOMO and LUMO to develop a qualitative approach for predicting
the singlet-triplet energy gap for effective computational screening
of TADF materials. In a second approach, optimally tuned range-
separated LC-BLYP functionals were utilized to quantitatively
assess AEgsr and oscillator strength.

Noteworthy in this context is the work of Liang et al.,*> who
focused on using DFT and TD-DFT to calculate the AEgr for
carbazole-based TADF emitters. Carbazole-based TADF-emitters
undergo significant structural relaxation upon excitation to
the singlet and triplet excited states with relaxational energies
ranging from 0.4 to 0.5 eV for the singlet excited state and 0.1 to
0.2 eV for the triplet excited state. Using the adiabatic excitation
method, Liang et al.>* were able to show that the functional
B3LYP and basis set 6-31G(d) was sufficient to model the
AEgy for a series of carbazole-based TADF emitters deviating
by only 0.00 eV to 0.02 eV from the experimental data since the
substantial relaxation effects are accounted for, values that are
significantly smaller in comparison to the optimal Hartree-Fock
(OHF) method with deviation from 0.3 to 0.4 eV. A comparison
of the adiabatic method along a broad range of functionals
demonstrated that functionals with more than 25% HF are not
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suitable (PBEO, MPW1B95, BMK), long-range corrected func-
tionals overestimate adiabatic AEgr since the intramolecular
CT transitions are shorter-ranged and the results of BLYP,
MWLYP1M, and B3LYP* (<20% HF exchange) are close to
the experimental values, however, these functionals underesti-
mate Eyo(S;) and Eyo(T;). B3LYP* indicates 15% HF exchange.
The OHF method localizes the lowest energy excited state as LE,
while the lowest excited triplet state is of CT nature, which can
only correctly be modeled using the adiabatic method. Thus,
B3LYP (20% HF exchange) along with the 6-31G(d) basis set
under application of the adiabatic method results in theoreti-
cally calculated values for AEsr closest to experimental values
for carbazole-based TADF emitters, Table 5.

Huang et al?®® explored the computational prediction
of singlet- and triplet-transition energies for charge-transfer
compounds. Pure TD-DFT functionals do not consider electro-
static interactions between the separated charges in the CT
states. Thus, a detailed exploration to determine the optimal
percentage of Hartree-Fock (OHF) in the TD-DFT calculation of
Ev,(S;) was carried out. The influence of the HF exchange
percentage (%HF) in XC functionals on the calculated Eya(S;)
was observed by screening 10 functionals ranging from 0% to
100% HF in correlation to the charge-transfer amount (g). The
value of “g” was determined using orbital composition analysis.>””
A series of 17 compounds were screened. Based on experimental
data, the best %HF was assigned. Overall, the OHF equals 42q and
the relative error of vertical transition energy for each functional is
dependent on the CT amount. Since the CT state is always more
polar than the ground state, calculation of Eyg is carried out in the
aromatic solvent toluene. Overall, reproduction of experimental
data is achieved with an error of £0.06 eV.

The prediction of T, is difficult as this triplet state may be
a CT or LE state founded in either the donor or acceptor.
Evaluation of CT vs. LE states was achieved by studying the
change in Ey,(S;)-Eva(T;) as a function of %HF and an inde-
pendent calculation of Eq_o(*CT) and (°LE). The assumption
that *CT and 'CT have the same orbital transitions and the
same CT amount allows an error correction to be developed
using Eo_o(>CT) = Eo_(S1) — [Eva(S1,0HF) — C X Ey,(T;,BLYP)].
In this formula, C = Eya(S;,0HF)/Ey,(S;,BLYP). The correction
factor C was also applied in the correction for the LE state using
the formula Eq_o(*LE) = [Eya(T1/C)] — AEstkes- This procedure
allowed for an effective identification of LE vs. CT states in good
agreement with the experimental data. The group reported that
range-separated hybrid functionals (CAM-B3LYP, LC-wPBE,
wB97XD and LC-BLYP) dramatically overestimate the Ey,(S;)
in the studied molecular group.

Hybrid functionals are used in DFT as approximations to the
exchange and correlation energy terms. Therein, DFT and exact
Hartree-Fock (HF) exchange energies are utilized. CT states
in molecules are generally more sensitive to the percent of
Hartree-Fock than LE states. Zhang et al.'*' optimized struc-
tures with the B3LYP functional and the 6-31G(d) basis set.
Thereby, a percent of Hartree-Fock close to OHF was utilized in
order to calculate the change in energy during non-adiabatic
(vertical) excitation from S, to S;. The OHF ratio equal to 42¢°*
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was utilized. Only a minimal difference in the CT amount ¢
is observed for the Sy, and S; geometries in ICT molecules and
therefore the group applied the geometry optimization of S,
utilizing a functional with a HF% close to OHF for calculations
involving vertical absorption energy from S, to S; (Eya(S1)) to
minimize error.

Sun et al.>** have explored the use of tuned range-separated
functionals to calculate the singlet-triplet gap in a wide range
of organic emitters including emitters for TADF applications
to overcome the limitations of standard exchange functionals
vide supra. The observed charge-transfer in TADF systems was
studied using range-separated exchange density functionals
for TD-DFT calculations under the application of an empirical
tuning process for the range separation parameter omega ().2%
Ground state geometries were optimized using the B3LYP/
6-31G(d) level of theory and the range separation parameter
omega was optimally tuned for the LC-oPBE functional with
the 6-31+G(d) basis set. Considering the vertical excitation
processes, the lowest singlet Ey,(S;) and triplet Ey,(T;) excited
states and vertical single-triplet gaps A Esy. In addition, adiabatic
singlet-triplet gaps AEg« were determined for three groups of
model compounds showing singlet-triplet gaps categorized
as large gaps such as PhCz and CBP [0.55-0.8 eV], moderate
gaps such as PIC-TRZ, DTC-DPS, CC2TA, 2CzPN, and 4CzPN
[0.15-0.5 eV] and very small gaps such as 4CzIPN, 4CzTPN, and
4CzTPN-Me [0.00-0.10 eV]. In the above mentioned range of
compounds, only carbazole-containing materials were chosen.
The group investigated functionals including pure GGA, PBE
(0% eX), hybrid GGA: B3LYP (20% eX), meta GGA functionals
M062X (56% eX) and MO6HF (100% eX) as well as three range-
separated functionals LC-oPBE and ®B97XD and CAM-B3LYP
with short-range ~ long range eX% ranging from 19-65%,
0-100%, and 22-100%, respectively. A range of basis sets from
6-31G(d) to 6-31+G(d), 6-311G(d), 6-311+G(d), and 6-311++G(d,p)
were employed. Fundamentally, the 6-31+G(d) basis set exhibited
good accuracy associated with a moderate computational cost.
The range separation parameter omega (w) is unaffected by
basis set extension from 6-31G(d) to 6-31+G(d). For comparison
with experimental values derived from delayed fluorescence or
phosphorescence spectra taken in solution (usually in toluene),
CAM-B3LYP and UCAM-B3LYP along with the PCM model
(toluene) were applied for calculation of adiabatic singlet-
triplet gaps AEgr~. When comparing TD-DFT vs. TDA-DFT
calculations for tuned LC-oPBE* functionals, the TDA approach
shows improved description of AEgr due to the better descrip-
tion of the triplet excitation energies along with lower compu-
tational costs and increased stability®*® during computation of
AEgr. A direct comparison of the results of TD-DFT calculations
using the B3LYP/6-31G(d) level of theory optimized in the
ground state followed by the LC-oPBE/6-31G(d) level of theory
for TD/TDA-DFT computations with LC-oPBE functional showed
negligible differences.>'°

A thorough analysis of mean absolute deviation (MAD),
relative error (RE), and linear correlation coefficients (R*) and
a contrast to high level calculations using coupled cluster CC2
theory and double-hybrid functionals such as that completed

This journal is © The Royal Society of Chemistry 2017
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by Moral et al.>®' concludes that optimally tuned RC func-
tionals such as the tuned LC-oPBE functional deliver accurate
results at reasonable computational costs as exemplified by the
MAD of only 0.15, 0.07, and 0.09 for the calculated Ey,(S;), AEsr,
and AEgr«, respectively, when compared to the experimental
values in toluene. Tian et al>"" reviewed several approaches
contrasting the works of Huang et al.”® and Sun et al.>**
Recently published work from the Brédas’>'? research group
computationally addressed kgisc, spin-orbit coupling (SOC), and
AEgy in a series of known and experimentally well-characterized
TADF materials, i.e. 2CzPN, CC2TA, PIC-TRZ, PXZ-TRZ, ACRFLCN,
spiro-CN, 4CzIPN, 4CzIPN-Me, 4CzPN, 4CzTPN, and 4CzTPN-Me
along with two non-TADF materials CBP, and a-NPD. The group
utilized the B3LYP/6-31G(d) level of theory to optimize the ground
state, CAM-B3LYP, as well as TD-DFT and uSCF for singlet and triplet
excited state modeling, respectively under application of PCM for
toluene. Optimal w values were tuned and applied using the best
performing range-separated LC-oPBE/6-31+G(d) level of theory under
application of TDA to compute excitation energies and LE vs. CT
contributions. In addition, the SOC matrix was evaluated under
application of the COSMOS continuum solvation model and
LC-owPBE functional as well as reorganization energies assessed
under application of the DUSHIN program. Among other findings,
the study concluded that the spatial separation of HOMO and LUMO
are not the only factors contributing to a small AEgy. Improvements
are predicted to come from stabilizing the lowest energy triplet state
as a charge-transfer state and strengthening the SOC so as to
approach El-Sayed rule character in the system all the while ensuring
a high PLQY. An outlook for experimental approaches and theo-
retical approaches to contribute further to the field is provided.

Conclusions and future outlook

While TADF-based OLED devices reach near 100% internal quan-
tum efficiency, and an external quantum efficiency of 20-30%,
current challenges in TADF-based OLED devices remain staggering.
While the field is gaining momentum with the number of publica-
tions rising tremendously, there is still a tremendous need to
address the challenge to achieve a low drive voltage at high
quantum efficiency in order to optimize the device power
efficiency, color purity and FWHM for blue emitters, as well as
roll-off behavior. Part of this challenge is rooted in the fact that
carbazole-containing TADF-emitting materials carry interrupted
n-conjugation, which depresses charge mobility. Increasing
conjugation, however, may compromise triplet energy. What
is staggeringly absent is a broad, diverse range of materials with
high stability and reliable luminescence. The presence of
wide bandgap materials causes additional interface barriers
and challenges in operating voltage of OLEDs, which should be
close to the energy of the emitted photons. For a future outlook,
the synthetic preparation of highly soluble, versatile, tunable
organic materials will enable solution processing and ulti-
mately the development of cheap, consumer-good devices;
however, this solution processability is still in its infancy.
A breakthrough, ultimately, in clever and deployable material

This journal is © The Royal Society of Chemistry 2017

View Article Online

Journal of Materials Chemistry C

design strategies will be enabled by a thorough understanding
of the photophysics that drives the repopulation of the singlet
excited state from the triplet state and a stabilization of the
material in its triplet state during device operation, which is
fundamentally rooted in smart device construction. This review
shows the tremendous contribution carbazole-based materials
have made to the field, both as emitters, and as hosts, wherein
carbazole-containing host materials substituted particularly with
benzimidazolbenzothiazole and phosphine oxides as acceptor units
were shown to be successfully modulated for high triplet energy,
solution processability, and devices exhibiting low efficiency roll-off.
The localized triplet state of carbazole hosts, however, poses a
significant challenge for hosting blue emitters. Exploring suitable
doping levels and the inevitable risk of phase separation remain as
challenges to be addressed for self-hosts. The interplay of experi-
ments (synthesis and property determination), device construction
and DFT-based studies tremendously aid in deepening the under-
standing and potentially the prediction of TADF properties for new
materials. Although, currently, computational studies explore gas
and condensed phases of single molecules, the effect of the bulk
material should not be underestimated. Fundamental approaches
such as the optimal Hartree-Fock Method and the application of
optimally tuned range-separated functionals are viable tools to
significantly improve the modeling of crucial properties such as
the energy gap between the singlet and triplet states and separation
of the frontier orbitals involved, and extend the understanding of the
impact of the nature and energy level of excited states and the rates
of photophysical properties, as well as the impact of spin-orbit
coupling. With the tremendous global ongoing research efforts, the
materialization of these efforts seems to be inching ever closer to
soon becoming tangible.
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