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arbazolylgold(III) dendrimers
based on thermally activated delayed fluorescence
and their application in solution-processed organic
light-emitting devices†‡

Lok-Kwan Li, Wing-Kei Kwok, Man-Chung Tang, Wai-Lung Cheung,
Shiu-Lun Lai, Maggie Ng, Mei-Yee Chan * and Vivian Wing-Wah Yam *

A new class of C^C^N ligand-containing carbazolylgold(III) dendrimers has been designed and synthesized.

High photoluminescence quantum yields of up to 82% in solid-state thin films and large radiative decay rate

constants in the order of 105 s�1 are observed. These gold(III) dendrimers are found to exhibit thermally

activated delayed fluorescence (TADF), as supported by variable-temperature emission spectroscopy,

time-resolved photoluminescence decay and computational studies. Solution-processed organic light-

emitting diodes (OLEDs) based on these gold(III) dendrimers have been fabricated, which exhibit

a maximum current efficiency of 52.6 cd A�1, maximum external quantum efficiency of 15.8% and high

power efficiency of 41.3 lm W�1. The operational stability of these OLEDs has also been recorded, with

the devices based on zero- and second-generation dendrimers showing maximum half-lifetimes of 1305

and 322 h at 100 cd m�2, respectively, representing the first demonstration of operationally stable

solution-processed OLEDs based on gold(III) dendrimers.
Introduction

While organic light-emitting devices (OLEDs) have been widely
adopted in various electronic devices nowadays, the rst
commercial product equipped with an OLED display was based
on light-emitting polymeric materials.1 The reduced production
cost and material usage are advantageous over vacuum depo-
sition for manufacturing large area displays and lighting
systems.2–4 Apart from traditional uorescence-based poly-
mers,5–7 there are increasing efforts on the development of
phosphorescent metal-containing polymers8,9 and thermally
activated delayed uorescent (TADF) polymers,10–12 mainly
arising from their ability to harvest both singlet and triplet
excitons for light emission, and a yield of unity for the internal
quantum efficiency. However, commonly encountered prob-
lems, such as batch-to-batch reproducibility and wide molec-
ular weight distribution associated with polymer chemistry,
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have remained one of the biggest challenges for
commercialization.2,10

Dendrimers are considered as a viable class of alternatives
due to their well-controlled synthesis; particularly, their
modular feature allows them to be functionalized to show
specic functions, such as electron-transporting or hole-trans-
porting properties.13–19 Among them, carbazole dendrimers with
TADF properties have been vastly explored for OLED applica-
tions, attributed to their high luminescence quantum yields,
good lm formation abilities and excellent hole-transport
properties.2 Yamamoto and co-workers rst reported carbazole
dendrimers of up to generation four with a triazine core as
TADF materials for solution-processable OLEDs in 2015.20 The
estimated lowest-lying singlet excited state (S1)–lowest-lying
triplet excited state (T1) energy gap (DEST) values of these den-
drimers were found to be as small as 0.03 eV, owing to their
completely separated highest occupied molecular orbitals
(HOMOs) and lowest unoccupied molecular orbitals (LUMOs).
However, strong luminescence quenching was also observed in
these dendrimers under aerated conditions,20 similar to small
molecule-based TADF emitters.21–26 Since then, extensive
research on TADF carbazole–anthracene-9,10-dione,27 carba-
zole–phosphine oxide,28 carbazole–sulfone29 and carbazole–
cyanophenyl dendrimers30–32 has been carried out to improve
their luminescence properties. OLEDs based on these den-
drimers exhibit extraordinary electroluminescence (EL) perfor-
mance with a maximum external quantum efficiency (EQE) of
Chem. Sci., 2021, 12, 14833–14844 | 14833
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20.4%.30 Apart from pure organic compounds, dendritic (alky-
l)(amino) carbene metal-containing TADF emitters based on
gold(I) and copper(I) metal centers have been reported, in which
the solution-processed OLEDs based on these emitters exhibit
a maximum EQE of 10.3% at a practical brightness level of 1000
cd m�2,33 demonstrating the high potential of metal-containing
TADF dendrimers as emitting materials for OLED applications.

Meanwhile, our research group has been working on lumi-
nescent gold(III) dendrimers for OLED applications since our
rst reports on the small-molecule gold(III) system in 2005 and
the dendritic gold(III) system in 2013;3 particularly, different
types of conjugated and saturated dendritic ligands based on
triphenylamine,34 carbazole,19,35 uorene–carbazole,36–39 uo-
rene–triphenylamine36,37,39 and poly(aryl)ether dendrons40 have
been incorporated into the gold(III) metal center. With the
judicious choice of cyclometalating and dendritic alkynyl
ligands, tunable emission colors from sky-blue to near-infrared
have been achieved in the C^N^C ligand-containing alky-
nylgold(III) systems.34–36 Following our OLED studies on gold(III)
systems,34–36 Che and co-workers very recently reported tri-
dentate and tetradentate ligand-containing gold(III) complexes
that demonstrated EL performance and operational stability in
vacuum-deposited OLEDs.41–43 These small-molecular based
gold(III) complexes were found to exhibit TADF properties, as
Scheme 1 Synthetic route for the tridentate C^C^N ligand-containing c

14834 | Chem. Sci., 2021, 12, 14833–14844
supported by their fast radiative decay rate constant (kr) in the
order 105 s�1, completely separated frontier orbitals, variable
temperature emission and excited-state decay studies. It is
worth noting that a large kr value of �1.36 � 105 s�1 could also
be found in our recently reported alkynylgold(III) dendrimers,39

indicating that the emission is not purely originating from the
triplet excited state.41–43

Recent reports have demonstrated that the photophysical
properties of cyclometalated gold(III) complexes can be signi-
cantly enriched upon replacing the more common C^N^C type of
ligand framework with the C^C^N moiety,44–46 owing to the sup-
pressed non-radiative decay rate constant via the distorted triplet
state. Taking advantage of the rich photoluminescence behavior
found in the solid state, herein we report the synthesis of rst-
and second-generation carbazolylgold(III) dendrimers (2 and 3),
which are higher generation dendrimers of a previously reported
structurally related small-molecule carbazolylgold(III) complex,
[Au{4-tBuC^C(4-tBuC6H4)^N(py)}(Cbz)] (1).45 Scheme 1 illustrates
the molecular structures of 1–3. These dendrimers show high
photoluminescence quantum yields (PLQYs) of up to 82% and
emission lifetimes of less than 3 ms in solid-state thin lms, with
kr in the order 105 s�1. Interestingly, the luminescence intensities
of these dendrimers are found to be enhanced by up to 5-fold
upon increasing the temperature from 77 to 300 K, typical of the
arbazolylgold(III) dendrimers 1–3.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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emission behavior of TADF emitters. Variable-temperature
emission studies have been conducted to estimate theDEST of the
representative complex 1, which is found to be ca. 0.003 eV. Such
a small DEST value of these dendrimers is also supported by time-
dependent density functional theory (TDDFT) calculations, sug-
gesting facile intersystem crossing (ISC) and reverse intersystem
crossing (RISC) processes and hence efficient TADF properties in
these dendrimers. High performance solution-processed OLEDs
have been realized based on these dendrimers; notably, devices
based on the second-generation dendrimer show a maximum
current efficiency (CE) of 41.3 cd A�1 and EQE of 15.8%. More
importantly, the operational stability of the solution-processed
OLEDs has been recorded, in which the devices based on 1 and 3
exhibit maximum operational half-lifetimes of 1305 and 322 h at
100 cd m�2, respectively, representing the rst demonstration of
operationally stable solution-processed OLEDs based on gold(III)
dendrimers.
Results and discussion
Synthesis, characterization and thermal stability

The carbazole dendrimers were synthesized by a palladium-
catalyzed Buchwald–Hartwig cross-coupling reaction according
to the literature,33 while 1–3 were synthesized by reacting the
chlorogold(III) precursor, [Au{4-tBuC^C(4-tBuC6H4)^N}Cl], with
sodium hydride and the corresponding carbazole dendrimers of
different generations in degassed tetrahydrofuran (Scheme 1).45

All the complexes have been well-characterized by 1H and 13C
{1H} nuclear magnetic resonance (NMR) spectroscopy and
Fig. 1 Cyclic voltammograms showing the (a) reductive and (b) oxidativ

Table 1 Electrochemical data of 1–3a

Complex Oxidation Eox1/2/V vs. SCEb [Epa/V vs. SCE]c (DEp/mV)d

1 [+0.86]
2 +0.83 (78), [+1.34]
3 +0.91 (72), [+1.39]

a In CH2Cl2 solution with 0.1 M nBu4NPF6 as the supporting electrolyte at 2
(Epa + Epc)/2; Epa and Epc are the peak anodic and peak cathodic potentials,
oxidation waves. d DEp ¼ (Epa � Epc).

e Epc refers to the cathodic peak pote
from electrode potentials, i.e. EHOMO ¼ �[Epa (vs. Fc

+/Fc) + 4.80] eV or EHOM
(0.1 M nBu4NPF6). From ref. 47. g ELUMO levels were calculated from electro
V vs. SCE in CH2Cl2 (0.1 M nBu4NPF6). From ref. 47.

© 2021 The Author(s). Published by the Royal Society of Chemistry
isolated as thermally stable solids. The decomposition
temperatures (Td) are found to signicantly increase from 1 (347
�C) to 2 (387 �C) to 3 (459 �C) (Fig. S1 and Table S1‡). These
results demonstrate that the incorporation of more carbazole
units onto the ancillary ligand could lead to higher robustness,
thus rendering higher thermal stability in the higher generation
dendrimers.
Electrochemistry

The electrochemical properties of 1–3 in dichloromethane (0.1
M nBu4NPF6) at 298 K have been examined, with their cyclic
voltammograms showing the oxidative and reductive scans
depicted in Fig. 1 and the data listed in Table 1. In general, all
the dendrimers exhibit an irreversible reduction wave at �1.69
V to �1.77 V vs. the saturated calomel electrode (SCE), attrib-
uted to the ligand-centered reduction of the C^C^N ligand. On
the other hand, their oxidation behaviors are different from
each other. While 1 exhibits an irreversible oxidation wave at
+0.86 V vs. SCE, 2 and 3 show quasi-reversible rst oxidation
waves with anodic peak potentials (Epa) at +0.87 V and +0.95 V
vs. SCE, respectively, corresponding to rst oxidation couples
(Eox1/2) at +0.83 V and +0.91 V vs. SCE. These oxidation wave and
couples are attributed to the ligand-centered oxidation of the
carbazole ligand.45 Additionally, the higher generation gold(III)
dendrimers 2 and 3 show a second oxidation wave at +1.34 V
and +1.39 V vs. SCE, respectively, which are assigned to the
oxidation of the peripheral carbazole units of the dendrimers.
The observed oxidation behaviour is found to be in good
agreement with the luminescence and computational studies
e scans of 1–3 in dichloromethane (0.1 M nBu4NPF6).

Reduction [Epc/V vs. SCE]e EHOMO
f/eV ELUMO

g/eV

[�1.77] �5.20 �2.57
[�1.70] �5.17 �2.64
[�1.69] �5.21 �2.65

98 K; working electrode, glassy carbon; scan rate ¼ 100 mV s�1. b Eox1/2 ¼
respectively. c Epa refers to the anodic peak potential for the irreversible
ntial for the irreversible reduction waves. f EHOMO levels were calculated
O ¼ �[Eox1/2 (vs. Fc

+/Fc) + 4.80] eV. E�(Fc+/Fc) ¼ +0.46 V vs. SCE in CH2Cl2
de potentials, i.e. ELUMO ¼�[Epc (vs. Fc

+/Fc) + 4.80] eV. E�(Fc+/Fc)¼ +0.46

Chem. Sci., 2021, 12, 14833–14844 | 14835
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(see below), in which the increase in the number of carbazole
units in the ancillary ligand from 1 to 2 results in the destabi-
lization of the p orbital of the carbazole ligand due to an
extended p-conjugation, and a further increase in the number
of carbazole units from 2 to 3 leads to the stabilization of the p
orbital of the carbazole ligand as a result of the negative
inductive effect exerted by the peripheral carbazole units.
Photophysical properties

The UV-vis absorption and emission spectra of 1–3 in toluene at
298 K are shown in Fig. 2a and b, respectively, while the pho-
tophysical data are summarized in Table 2. All complexes
exhibit intense absorption bands at wavelength (l) # 380 nm,
with the extinction coefficient (3) in the order of 104 to 105 dm3

mol�1 cm�1, and an absorption tail extending to ca. 400–500
nm. Similar to the observation found for the previously reported
gold(III) dendrimers,35 the molar extinction coefficient of the
absorption band at ca. 290–330 nm for these complexes is found
to increase with increasing dendrimer generations; such a high-
energy absorption band for all the complexes is therefore
assigned as the spin-allowed intraligand (IL) [p /

p*(carbazole)] transition.35 On the other hand, the absorption
bands at ca. 335–380 nm are attributed to the IL [p /

p*(C^C^N)] transition, with some phenyl-to-pyridine charge
transfer character, while the absorption tail is assigned to the
ligand-to-ligand charge transfer (LLCT) [p(carbazole) /

p*(C^C^N)] transition.48–51 The absorption edge is found to be
red-shied from 1 to 2, which can be explained by the increased
conjugation length in the rst-generation dendrimer.14

However, as the dendrimer generation further increases from 2
to 3, a blue shi in the absorption edge is observed. It is
proposed that the steric hindrance experienced by the periph-
eral carbazole moieties has led to a highly twisted conformation
in the second-generation dendrimer, such that the negative
inductive effect becomes more prominent than the resonance
effect.14 Upon excitation at l$ 350 nm in degassed toluene, 1–3
exhibit structureless emission bands with peak maxima at ca.
584–624 nm. These emission bands are assigned as originating
from the LLCT [p(carbazole) / p*(C^C^N)] excited state.48–51

Interestingly, a slight red shi of the emission band is observed
Fig. 2 (a) UV-vis absorption and (b) normalized emission spectra of 1–3
wt% 1–3 doped into mCP at 298 K.

14836 | Chem. Sci., 2021, 12, 14833–14844
going from 1 (607 nm) to the rst-generation dendrimer 2 (624
nm). These results may suggest that the effect of extending p-
conjugation of the carbazole ligand and the negative inductive
effect exerted by the nitrogen atoms of the peripheral carbazole
moieties are acting opposite to each other, resulting in a slight
destabilization of the p orbital of carbazole ligand in 2 when
compared to 1. Further increase in the number of carbazole
units in the dendrons makes the electron-withdrawing effect
more dominating, leading to a hypsochromic shi of the
emission peak maximum of the second-generation dendrimer 3
(i.e. 584 nm).35 These results are found to be in good agreement
with the electrochemical and computational studies (see
below).

A similar trend of the emission behavior is observed in the
thin lms of 10 wt% 1–3 doped into 1,3-bis(carbazol-9-yl)
benzene (mCP). As shown in Fig. 2c, 1 and 2 exhibit structure-
less emission bands peaking at 536 nm,48–51 while 3 shows
a high-energy shoulder at 503 nm, in addition to a structureless
low-energy emission band peaking at 525 nm. The emission
bands are assigned as originating from amixture of higher-lying
IL [p / p*(C^C^N)] and lower-lying LLCT [p(carbazole) /

p*(C^C^N)] excited states. Upon increasing the dopant
concentration, bathochromic shis of the emission energies
have been observed and are commonly ascribed to excimeric
emission arising from the p–p stacking of the cyclometalating
ligand.48–51 However, the extent of the red shi has been found
to be less signicant in the present dendrimers, as shown in
Fig. S2–S4,‡ when compared with our previous studies.35 In this
regard, we propose that the red shis of the emission energies
are attributed to the change in the molecular packing in the
solid state and the polarity of the host-matrix environment,52

given that the ground-state dipole moments (m) of mCP, gold(III)
dendrimers 1, 2 and 3 are 1.32 D, 9.05 D, 13.08 D and 18.39 D,
respectively, as supported by the computational studies.
Remarkably, the emission shoulder of 3 is found to disappear
upon increasing the dopant concentration from 20 to 100 wt%
along with reduced excited state lifetimes, in which these
emission bands can be well-tted to the single exponential
decay model. Time-resolved emission studies have also been
performed on the solid-state thin lms of 3. As shown in
in toluene at 298 K. (c) Normalized emission spectra of thin films of 10

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Emission spectra of the thin film of 20 wt% 1 doped in mCP upon increasing the temperature from 77 to 320 K. (b) Emission spectra of
the neat film of 3 upon increasing the temperature from 77 to 300 K.
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Fig. S5,‡ the emission band of 3 in the 20 wt% doped thin lm
gradually changed from Gaussian-shaped to vibronic-struc-
tured as the delay time was increased from 0 ns to 15 ms. This
may be attributed to the involvement of 3IL and LLCT excited
states in the emission. On the other hand, both emission band
shapes and energies in the neat lm of 3 are independent of the
delay time; particularly, a clean Gaussian-shaped emission
band typical of LLCT emission is observed. These ndings
indicate that the LLCT excited state, which usually shows
a Gaussian-shaped emission band, has been stabilized to
a greater extent relative to the 3IL excited state, which usually
shows vibronic-structured emission.53,54 Such stabilization of
the LLCT state would remove the possible complication of an
involvement of a spin-allowed reverse internal conversion
between the close-lying 3IL and LLCT excited states (TSDP
process), allowing further investigation on the TADF properties
observed in the LLCT excited state of these dendrimers.41,55

Thermally enhanced luminescence

To elucidate the TADF properties of this series of gold(III) den-
drimers, temperature-dependent emission studies have been
Fig. 4 A plot of ln(kTADF) against 1/T in the temperature range of 200
to 320 K and its linear fit to eqn (1) for 20 wt% 1 doped in mCP
according to the full kinetic model.

14838 | Chem. Sci., 2021, 12, 14833–14844
conducted on 1 and 3 in solid-state thin lms, with their
emission spectra at various temperatures shown in Fig. 3. Upon
increasing the temperature from 77 to 300 K, the intensity of the
structureless emission band is found to gradually increase,
regardless of the faster non-radiative decay rate at higher
temperatures. A similar phenomenon has also been observed in
other TADF compounds, which have been reported to display an
increase in the PLQY of the delayed emission at higher
temperatures.21 As shown in Fig. 3a, the intensity of the emis-
sion band of 1 is found to drastically increase by 5 fold with
increasing temperature from 77 to 320 K, which is due to the
increased rate constant of RISC (kRISC) as well as the reducing
involvement of the weakly emissive 3IL state at higher temper-
atures. However, the emission intensity gradually decreases
upon further increasing the temperature from 320 to 360 K
(Fig. S6‡). This indicates a faster non-radiative process when
compared to the thermally enhanced luminescence above
320 K. Similar enhancement in the intensity of the emission
band of 3 is observed as the temperature increases from 77 to
300 K (Fig. 3b). Variable-temperature studies on the excited-
state lifetime of 1 in solid-state thin lm have been conducted
as the representative example. It is worth noting that the excited
state lifetimes of 1 are almost unchanged in the range of 200 K
(1.3 ms) to 320 K (1.2 ms), suggesting that the thermal up-
conversion process is almost complete under these temperature
conditions.56 As the ISC rate constants (kISC) of structurally
related cyclometalated gold(III) complexes are found to be in the
picosecond regime,41–43 much faster than that of the rate
constant for uorescence decay (k), the DEST of these
complexes can be estimated by tting the variable-temperature
emission data to the full kinetic model employed by Dias,
Penfold, and Monkman.57 Fig. 4 depicts the plot of ln(kTADF) vs.
1/T of 1, with a linear slope of DEST/kB and an intercept of [ln(b)],
where [ln(b)] is a function of kISC and k (eqn (1)) and kB is the
Boltzmann constant.58 It is worth noting that this class of
gold(III) dendrimers exhibits emissions with heavily mixed
excited states involving 3IL, 1LLCT and 3LLCT, with these
excited states being very close-lying in energy. On the other
hand, the contribution from 3IL emission is negligible in the
temperature range of 200–300 K, as reected by the kr values
© 2021 The Author(s). Published by the Royal Society of Chemistry
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obtained from the variable-temperature emission lifetime
measurements that show the same order of magnitude within
this temperature range. Thus, it is reasonable to assume that kr
is equivalent to kTADF at this instance. Notably, a small DEST
value of 0.003 eV is estimated, which is in line with our calcu-
lated value of 0.005 eV (see below). Although this full kinetic
model is not the best approach for the calculation of DEST in
metal-containing compounds that involve multiple excited
states for emission, the good agreement of the DEST value ob-
tained from the model to that obtained from computational
studies further conrms the reliability of the method and
establishes this class of carbazolylgold(III) dendrimers as TADF
active.

lnðkTADFÞ ¼ ln

 
kS1
ISC

3

 
1� kS1

ISC

kfl þ kS1
ISC

!!
� DEST

kBT

¼ lnðbÞ � DEST

kBT
(1)

Computational studies

To gain a deeper insight into the electronic structures and the
nature of the absorption and emission origins of these tri-
dentate-ligand containing gold(III) dendrimers, density func-
tional theory (DFT) and TDDFT calculations have been
performed on 2 and 3. The computational results of 1 reported
in our previous studies are also extracted for comparison.45 The
optimized ground-state geometries in both front and side views
and the selected structural parameters of 1–3 are shown in
Fig. S7.‡ In general, 1–3 show insignicant differences in the
bond lengths and bond angles in the cyclometalating ligand. It
is observed that there is a small increase in the dihedral angle
Fig. 5 Calculated electrostatic potential surfaces (isovalue ¼ 0.02) of (a

© 2021 The Author(s). Published by the Royal Society of Chemistry
for N(1)–Au–N(2)–C(3) from 1 to 3 (i.e. 1: 68.2�; 2: 69.8�; 3: 71.8�),
probably due to the addition of more carbazolyl units in the
dendrons, leading to a slightly larger steric repulsion with the
C^C^N moiety. The rst thirtieth singlet excited states of 1–3,
computed by the TDDFT/conductor-like continuum model
(CPCM) method, are summarized in Table S2,‡ and the simu-
lated UV-vis spectra, generated by Multiwfn,59 are shown in
Fig. S8–S10.‡ The relative energies of the optimized T1 states
and their Cartesian coordinates of the optimized S1 and T1

geometries are also shown in Tables S3–S13.‡ Selected molec-
ular orbitals involved in the transitions are shown in Fig. S11–
S13.‡ The S0 / S1 transitions computed at ca. 480–520 nm are
mainly contributed by the HOMO / LUMO excitation. The
HOMOs of 1–3 are the p orbitals predominantly localized on the
carbazole moieties, while the LUMOs are the p* orbitals
predominantly localized on the central phenyl ring and the
pyridyl moieties of the C^C^N ligand. Therefore, the HOMO /

LUMO transition can be assigned as the LLCT [p(carbazole) /
p*(C^C^N)] transition, supporting the experimental energy
trend of the absorption bands and their spectral assignments.
Consistent with the trend in the UV-vis absorption spectra, the
lowest-energy absorption band in 1 is computed at 520 nm,
which is signicantly lower in energy than those in 2 (502 nm)
and 3 (477 nm). The intense absorption bands computed at ca.
380 nm correspond to the HOMO�2 / LUMO excitation in 1,
the HOMO�6 / LUMO excitation in 2, and the HOMO�10 /

LUMO excitation in 3, where the HOMO�2 in 1, HOMO�6 in 2
and HOMO�10 in 3 are predominantly the p orbital on the
phenyl rings of the C^C^N ligand. These absorption bands can
be assigned as the IL [p / p*(C^C^N)] transitions with some
charge transfer character from the phenyl rings to the pyridyl
moieties, which are in line with the experimental assignment.
) 1, (b) 2 and (c) 3.

Chem. Sci., 2021, 12, 14833–14844 | 14839
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Table 3 Computed energy difference between the S1 and T1 states (DEST), rate constants of fluorescence (kfl) and phosphorescence (kph), the
average radiative decay rate constant (kr,avg), reorganization energy (l), and the rate constants of the ISC (kISC) and RISC (kRISC) processes. The
energies are in eV and the rate constants are in s�1

Complex DEST k kph kr,avg l kISC kRISC

1 6.1 � 10�3 2.0 � 105 5.9 � 101 4.3 � 104 8.4 � 10�4 4.4 � 109 3.5 � 109
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The orbital energy diagram showing the frontier molecular
orbitals of 1–3 is depicted in Fig. S14.‡ In general, the HOMO
energy decreases on going from 1 (�5.11 eV) to 2 (�5.20 eV) to 3
(�5.35 eV), due to the stabilization of the HOMO by the elec-
tron-withdrawing carbazolyl units upon increasing the dendron
generation. Similarly, the LUMO energy decreases on going
from 1 (�2.05 eV) to 2 (�2.17 eV) to 3 (�2.26 eV), owing to the
stabilization of the p* orbital of the C^C^N ligand. To gain
more insights into the effect of increasing carbazolyl units on
the electron densities of the cyclometalating ligand, the elec-
trostatic potential surfaces of the optimized ground-state
geometries of 1–3, shown in Fig. 5, have also been analyzed.
Apparently, the incorporation of higher generation of carbazolyl
dendrons leads to a more electron-decient pyridyl moiety,
owing to the electron-withdrawing effect of the dendritic car-
bazolyl substituents, which lowers the electron density on the
ancillary carbazolyl N-donor ligand, reducing its electron-
donating power. The poorer donor strength of the carbazolyl N-
donor ligand would render the metal center more electron-
decient, drawingmore electron density from the C^C^N pincer
ligand through the s effect. The less electron-rich metal center
would also stabilize the metal dp orbitals, which in turn would
cause a smaller destabilization of the p* (C^C^N) orbital,
leading to a lower-lying p* orbital of the C^C^N ligand on going
from 1 to 3. Overall, the HOMO–LUMO energy gap for 2 (3.04 eV)
is very slightly narrower than that for 1 (3.06 eV) and 3 (3.09 eV),
in good agreement with the experimental trend.

To gain a deeper insight into the nature of the emissive
states, the geometries of T1 of 1–3 have been optimized with the
unrestricted UPBE0 method. Their plots of spin density are
shown in Fig. S15.‡ In general, the spin density of 1–3 is
predominantly localized on the carbazolyl moiety, the central
phenyl ring and the pyridyl moiety of the C^C^N ligand, which
Fig. 6 (a) Normalized EL spectra and (b) CE against current densities of

14840 | Chem. Sci., 2021, 12, 14833–14844
supports the LLCT [p(carbazole) / p*(C^C^N)] character in
the emissive state. The emission wavelengths of 1–3, approxi-
mated by the energy difference between the S0 and T1 states at
their corresponding optimized geometries are summarized in
Table S3.‡ The calculated emission wavelength shows a red shi
on going from 3 (507 nm) to 1 (530 nm) to 2 (534 nm) and this is
in line with the experimental trend observed in the emission
spectra. To gain further insights into the excited states involved
in the TADF processes, the geometries of S1 and T1 of 1–3 have
also been optimized using TDDFT with the Tamm–Dancoff
approximation (TDA).60 The computed DEST values of 1–3 are
0.005, 0.006 and 0.004 eV, respectively. To gain further insight
into the kinetics of the ISC and RISC processes of 1, the DEST
value, the rate constants of uorescence (k) and phosphores-
cence (kph), the average radiative decay rate constant (kr,avg),
reorganization energy (l), and kISC and kRISC processes have
been computed at the PBE0/TZP level using the Amsterdam
Density Functional (ADF) program,61–63 and these thermody-
namic and kinetic parameters are summarized in Table 3. DEST
computed at the PBE0/TZP level has a value of 0.006 eV, which is
in good agreement with the experimental value of 0.003 eV. The
computed kr,avg value of 4.3 � 104 s�1 is also in agreement with
the experimentally determined kr of 8.0 � 104 s�1, in the same
order of magnitude. The computed kISC and kRISC have high
values of 4.4 � 109 and 3.5 � 109 s�1, respectively, in line with
the large spin–orbit coupling constant associated with the heavy
gold atom, and are found to be comparable, resulting in effi-
cient ISC and RISC processes that facilitate the TADF emission
in 1.
OLED fabrication and characterization

Solution-processed OLEDs based on 1–3 have been prepared to
examine their EL properties and operational lifetimes. Fig. 6a
the solution-processed devices based on 1–3.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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depicts the normalized EL spectra of the devices, in which all
devices show Gaussian emission with the same trend observed
in the emission and computational studies. Particularly, the EL
peak maximum is found to be red-shied on going from 3 (540
nm) to 1 (548 nm) to 2 (560 nm). In addition, smaller bath-
ochromic shis are found for all the present dendrimers upon
increasing the dopant concentrations (see Fig. S16‡). Notably,
the EL maximum only slightly red-shis by ca. 8 nm (corre-
sponding to �278 cm�1) as the concentration of 3 increases
from 5 to 20 wt%. These observations are different from those of
our previously reported gold(III) dendrimers, in which the
emission maximum shis towards blue with increasing the
generation of dendrimers and is strongly dependent on the
dopant concentration. A close examination of the absence of
a high-energy shoulder in the EL spectra of devices made with 3
further suggests that there is less mixing of excited states
between 3IL and 3LLCT, in good agreement with the emission
studies.

These TADF properties may boost up the current efficiencies
and EQEs of the solution-processed devices. Fig. 6b depicts the
current efficiencies (CE) of solution-processed devices made
with 1–3 and Table S14‡ summarizes their key characteristics.
As we previously reported, devices based on 1 show a maximum
CE of 40.0 cd A�1 and a maximum EQE of 11.9% at an optimal
concentration of 20 wt%.45 Unexpectedly, the incorporation of
carbazole moieties to yield the rst-generation dendrimers
could not improve the device performance. The maximum CE
and EQE of the optimized device made with 2 show a drop to
27.1 cd A�1 and 8.7%, respectively. It may be attributed to its
poorer solubility in chloroform. On the other hand, further
introduction of bulky carbazole units in the periphery of the
ancillary ligand signicantly increases the dendrimer solubility.
Apparently, devices based on 20 wt% 3 demonstrate the highest
CE of 52.6 cd A�1 and EQE of 15.8%. More importantly, the
power efficiency (PE) can be dramatically improved to 41.3 lm
W�1. Such a high PE value is comparable to those of the state-of-
the-art TADF-based solution-processed devices, as shown in
Table S15.‡

Apart from these superior performances, satisfactory opera-
tional stabilities can be realized for devices based on these
gold(III) dendrimers. Solution-processed devices made with 1
and 3 have been prepared to measure their operational lifetimes
at constant driving current densities of 5 and 20 mA cm�2,
respectively. A lower driving current density is used for devices
based on 1 because of the need for a high driving voltage to
reach 20 mA cm�2 that exceeded the limit of our equipment. As
depicted in Fig. S17 and Table S16,‡ half-lifetimes of devices
made with 1 and 3 are 1305 and 322 h, respectively. Although
the half-lifetimes are comparatively shorter than those of the
vacuum-deposited devices,45 the present work represents the
rst demonstration of operationally stable solution-processed
OLEDs based on gold(III) dendrimers.

Conclusion

In conclusion, a new class of C^C^N ligand-containing carba-
zolylgold(III) dendrimers has been designed and synthesized.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Temperature-dependent studies show the occurrence of TADF
in the gold(III) complexes. These dendrimers are found to
exhibit high PLQYs of up to 82% in solid-state thin lms. Their
TADF properties have been examined by variable-temperature
emission, time-resolved photoluminescence decay and
computational studies, with estimated DEST values of ca. 0.004
eV. The EL properties of solution-processed OLEDs based on
these dendrimers have been examined, in which a maximum
CE of up to 41.3 cd A�1, EQE of 15.8% and PE of 41.3 lm W�1

have been achieved for the device based on the second-gener-
ation dendrimer. More importantly, satisfactory operational
lifetimes have been recorded, with the devices based on
generation zero and two dendrimers exhibiting operational
half-lifetimes of up to 1305 and 322 h at 100 cd m�2, respec-
tively, representing the rst demonstration of operationally
stable solution-processed OLEDs based on gold(III) dendrimers.
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