#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Carbazolylgold(in) complexes with thermally
activated delayed fluorescence switched on by
ligand manipulation as high efficiency organic
light-emitting devices with small efficiency
roll-offs¥

Chun-Yin Wong, ©2 Man-ChurBTang,®a Lok-Kwan Li, ©2 Ming-Yi Leung, ©?2°

Wai-Kit Tang, © 2 Shiu-Lun Lai, ©2 Wai-Lung Cheung, ©? Maggie Ng, ©2
Mei-Yee Chan ® *2® and Vivian Wing-Wah Yam @ *2°

i ") Check for updates ‘

Cite this: Chem. Sci., 2022, 13, 10129

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

A series of carbazolyl ligands has been designed and synthesized through the integration of various
electron-donating and electron-accepting motifs, including electron-donating 4-(diphenylamino)aryl
and electron-accepting cyano and diphenylphosphine oxide moieties, for the development of a new
class of gold(i) complexes, where the energies of their triplet intraligand and ligand-to-ligand charge
transfer excited states can be manipulated for the activation of thermally activated delayed fluorescence
(TADF). Upon excitation, these complexes show high photoluminescence quantum yields of up to 80%
in solid-state thin films, with short excited state lifetimes down to 1 ps. Vacuum-deposited and solution-
processed organic light-emitting devices based on these complexes demonstrate promising
electroluminescence (EL) performance with maximum external quantum efficiencies of 15.0% and 11.7%,
respectively, and notably small efficiency roll-off values of less than 1% at the practical luminance

Received lst May 2022 brightness level of 1000 cd m™2. These distinct EL performances are believed to be due to the
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Introduction

Organic light-emitting devices (OLEDs) have been widely
utilized in modern electronic displays, including mobile
phones, augmented reality and virtual reality equipment, and
8K televisions owing to their excellent color gamut, fast
response time, wide viewing angle and self-emissive capa-
bility."* Thermally activated delayed fluorescence (TADF)
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significantly shorten the emission lifetimes and hence reduce the occurrence of the detrimental triplet—
triplet annihilation in the gold(in) complexes.

compounds have received increasing attention as they can serve
as an alternative to phosphorescent metal complexes, mainly
because of their capability of harvesting all singlet and triplet
excitons to achieve 100% internal quantum efficiency for light
generation through the up-conversion of triplet excitons to
singlet excitons via reverse intersystem crossing (RISC) to
generate delayed fluorescence.®* However, long-lived triplet
excitons that are usually associated with organic emitters with
lifetimes in the range of hundreds of microseconds to milli-
seconds will accumulate in the narrow recombination zone at
high current densities, inevitably leading to severe triplet-
triplet annihilation (TTA), exciton-polaron annihilation, ezc.*™°
This will result in severe efficiency roll-offs observed at a high
practical brightness of around 1000-50 000 cd m ™2, hindering
their applications in displays and outdoor lighting systems."**
As the presence of the heavy metal center is known to enhance
spin-orbit coupling (SOC), which can increase the rate of
intersystem crossing (ISC)**** and also RISC,' there has been
a growing interest in metal-containing TADF emitters in recent
years. Due to the shorter delayed fluorescence lifetimes of
metal-TADF emitters," it is envisaged that they can replace
organic TADF molecules to overcome the unwanted efficiency
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roll-offs. Moreover, cyclometalated metal complexes usually
possess higher thermal stabilities,"” which can improve the
operational lifetimes of OLEDs. Early reports on metal-TADF
emitters are mostly based on copper(i) systems.***" Although
copper(1) complexes have relatively lower thermal stabilities,>*
their TADF OLEDs have been found to show rather attractive
external quantum efficiencies (EQEs),**** providing the impetus
for the development of metal-TADF emitters. Since then,
various classes of metal-TADF emitters based on palladiu-
m(i),>*?¢ silver(1),"”?”** gold(1)**** and gold(m) systems**~*” have
been designed and synthesized. Of particular interest are
examples involving tetradentate ligand-containing palladium(i)
complexes that were reported to show phosphorescence and
delayed fluorescence simultaneously.”® These devices demon-
strate maximum EQEs of 20.9% with operational lifetimes
(LToo) of over 20 000 hours at 100 ¢d m >.** Carbene metal
amides with silver(1)*” and gold(1)** as the metal centers have
also been reported as metal-TADF emitters, where maximum
EQEs of 13.7% and 27.5% have been achieved, respectively.
Apart from copper(1), silver(r) and gold(r) emitters, gold (ur)
emitters have also been attracting a lot of attention since
2005.%*° A variety of cyclometalating C*"N~C**** and C"C"N
gold(m) complexes**** and tetradentate gold(m) complexes*>*®
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showing high performances and a wide range of emission
colours have been reported. Since 2017, gold(um) emitters have
also been reported to show TADF behavior, including alky-
nylgold(m)**** and arylgold(m) C~N~C complexes,** carbazo-
lylgold(m) C~C*N complexes***” and tetradentate gold(u)
complexes.®** All of them are found to exhibit promising elec-
troluminescence (EL) performance with maximum EQEs
reaching 25%. These findings demonstrate the possibility of the
realization of high efficiency and robust metal-TADF emitters
for OLED applications. Recently, new classes of alkynylgold(m)
C~N~C complexes* and carbazolylgold(m) C*C"N complexes
with thienopyridine and thienoquinoline moieties in the pincer
ligand® have been demonstrated as metal-containing TADF
emitters. Based on our development of various cyclometalating
C~C”N ligand-containing carbazolylgold(m) complexes,***74344
instead of modifying the pincer ligand, a new class of carba-
zolylgold (i) complexes with different ancillary ligands has been
designed and synthesized. Specifically, substituted carbazolyl
ligands with various electron-donating and electron-accepting
moieties have been incorporated into the gold(m) precursor
complex to yield complexes 1-6, as shown in Chart 1. The
judicious choices of 4-(diphenylamino)aryl, cyano and diphe-
nylphosphine oxide moieties at the 2- and 3-positions of the
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Chart 1 Molecular structures of carbazolylgold(i) complexes.
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carbazole have allowed the manipulation of the energy levels of
the triplet intraligand (’IL) excited state and the triplet ligand-
to-ligand charge transfer (PLLCT) excited state, which plays
important roles in the activation of the TADF behavior of the
gold(ur) complexes, thus affecting the EL performance of their
OLEDs. Particularly, the activation of TADF is observed in the
complexes with 4-(diphenylamino)aryl and phosphine oxide as
the substituents of the carbazolyl ligands. Furthermore, the
excited state lifetime can be significantly reduced by more than
two orders of magnitude, ie. from ~80 ps to 0.8 pus upon
changing from the cyano moiety to the 4-(diphenylamino)aryl
unit in the ancillary ligand. In addition, the steric effect of
different substituents would also affect the rigidity of the
molecules and the extent of preferential alignment. These
complexes have been found to exhibit high photoluminescence
quantum yields (PLQYs) of 80% in solid-state thin films. Green-
to yellow-emitting vacuum-deposited and solution-processed
OLEDs have been achieved based on these complexes with
maximum EQEs of 15.0% and 11.7%j; more importantly, by
turning on TADF, the efficiency roll-offs have been significantly
reduced from 65% down to 1% for the solution-processed
devices.

Results and discussion

Synthesis, characterization and thermal stability of
carbazolylgold(u) complexes

The respective carbazolyl ligands for 1-6 were prepared from
either 2-bromo-9H-carbazole or 3-bromo-9H-carbazole. 3-
Cyano-9H-carbazole was synthesized by cyanation of 3-bromo-
9H-carbazole with a stoichiometric amount of copper(1)
cyanide,” while 3-(diphenylphosphoryl)-9H-carbazole
synthesized by the palladium catalyzed P-C cross-coupling
reaction between diphenylphosphine oxide and 3-bromo-9H-
carbazole.”® The 4-(diphenylamino)aryl-substituted carbazolyl
ligands were synthesized by the Suzuki-Miyaura cross-coupling
reaction with palladium catalyzed C-C bond formation between
2- or 3-bromo-9H-carbazole and the corresponding 4-(dipheny-
lamino)aryl boronic acids.” All complexes were synthesized by
reacting the corresponding carbazolyl ligands with the chlor-
ogold(m) precursor in the presence of a stoichiometric amount
of sodium hydride in tetrahydrofuran solution (see Scheme
S17).* The identities of the complexes have been confirmed by
'H, “c{"H} and *'P{'H} nuclear magnetic resonance (NMR)
spectroscopies and high-resolution electrospray ionization
mass spectrometry. In order to examine the thermal stability of
this series of complexes, all complexes were investigated using
the thermogravimetric analysis (TGA) method, with high
decomposition temperatures (T4) of above 380 °C (see Fig. S17).

was

Electrochemistry

The electrochemical properties of all the complexes have been
investigated by cyclic voltammetry in dichloromethane solution
(0.1 M "Bu,NPFg). The cyclic voltammograms of the oxidation
and reduction scans of 1-6 are shown in Fig. S2,f while the
electrochemical data of 1-6 are summarized in Table S1. In

© 2022 The Author(s). Published by the Royal Society of Chemistry
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general, all the complexes display an irreversible reduction wave
at —1.65 V to —1.73 V vs. saturated calomel electrode (SCE).
With reference to the previously reported carbazolylgold (i)
complexes, these irreversible reduction waves are assigned as
the cyclometalating C*C”N ligand-centered reduction.**** On
the other hand, an irreversible oxidation wave at +0.87 V to
+1.20 Vvs. SCE is found for 1, 2, 5 and 6 while a quasi-reversible
first oxidation wave at +0.67 V and +0.70 V vs. SCE is found for 3
and 4. The first oxidation process is found to be sensitive to the
carbazolyl ligands and thus is assigned as the carbazolyl ligand-
centered oxidation.**** With the incorporation of electron-
accepting cyano and phosphine oxide moieties, the highest
occupied molecular orbital (HOMO) is found to be stabilized,
resulting in more positive potentials for oxidation [i.e. 1 (+1.20 V
vs. SCE) and 2 (+1.05 V vs. SCE)]. On the other hand, the
potentials for oxidation of 3 and 4 are less positive due to the
destabilization of the HOMO in the presence of electron-
donating 4-(diphenylamino)phenyl moieties. It is worth
noting that the potentials for oxidation of 5 and 6 [i.e. 5 (+0.87 V
vs. SCE) and 6 (+0.86 V vs. SCE)] are very close to that of the
previously reported unsubstituted carbazolylgold(ur) complex,
[Au{4-‘BuC”C(4-"BuCe¢H,)"N}(Cbz)] (+0.86 V wvs. SCE).** The
electron-donating  effects of the 4-(diphenylamino)-2-
methylphenyl moieties in 5 and 6 are not apparent, possibly
due to the weak communication between the carbazolyl and 4-
(diphenylamino)aryl moieties at the 2-position.* This results in
more positive potentials for oxidation of 5 and 6 when
compared to those of 3 and 4 [i.e. 3 (+0.67 V vs. SCE) and 4
(+0.70 V vs. SCE)] with the 4-(diphenylamino)aryl moieties
incorporated at the 3-position of carbazole.

Photophysical properties

The UV-vis absorption spectra of all the complexes are recorded
in toluene at 298 K, as shown in Fig. S3,1 while the absorption
data are summarized in Table S2.1 All the complexes show an
intense absorption band at ca. 310-350 nm and a less intense
absorption shoulder at ca. 360-400 nm, with extinction coeffi-
cients (&) on the order of 10° dm® mol~* em ™. Additionally, all
the complexes show an absorption band which extends to ca.
450-550 nm. With reference to the previously reported carba-
zolylgold (i) complexes,* the absorption bands with wavelength
() = 350 nm for 1 and 2 are attributed to the spin-allowed IL 7
— 1v* transitions of the C*C”N ligand, while those for 3-6 are
attributed to the spin-allowed IL @ — w* transitions of the
C~C”N ligand and the 4-(diphenylamino)aryl moiety. The less
intense absorption shoulders of 1-6 are tentatively assigned as
an admixture of metal-perturbed IL w — 7* transitions of the
C"C”N ligand with some charge-transfer character from the
phenyl ring to the pyridine ring, while the absorption tails of 1-
6 are tentatively assigned as the ligand-to-ligand charge transfer
(LLCT) m[carbazole] — m*[C~C~N] transitions. Considering the
low-energy LLCT transitions, 1 and 2 show an apparent blue-
shifted absorption tail when compared to 3-6, [i.e. 2 (445 nm);
3-6 (~460 nm)], due to a lower-lying HOMO level arising from
the stabilization by the electron-accepting moieties on the car-
bazolyl ligands of 1 and 2. The slightly red-shifted absorption
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tails of 3 and 4 when compared to those of 5 and 6, [i.e. 3 and 4
(~465 nm); 5 and 6 (~455 nm)], arise from the more destabi-
lized HOMO levels, which are in good agreement with the
electrochemical studies.

Fig. 1a depicts the normalized photoluminescence (PL)
spectra of 1-6 in degassed toluene at 298 K, while Table 1
summarizes their luminescence data. Upon excitation at A =
365 nm, all the complexes display intense structureless emis-
sion bands with emission maxima at ca. 540-660 nm. The
emission bands are assigned as originating from the LLCT 7
[carbazole] — w*[C*C”N] state.”* The emission energies of 5
and 6 are found to be close to that of the previously reported
complex, [Au{4-"BuC"C(4-‘BuC¢H,)"N}(Cbz)], i.e., 5 (600 nm)
and 6 (599 nm) = [Au{4-BuC”C(4-'BuC¢H,)"N}(Cbz)] (607 nm)
>3 (659 nm) and 4 (637 nm), which agrees well with the trend of
the HOMO-LUMO gaps obtained from the electrochemical
study. To further confirm these assignments, nanosecond
transient absorption (TA) measurements have been performed
on representative complexes 1 and 6 in degassed toluene at
room temperature (Fig. 2 and S4,T respectively). Both complexes
display a moderately intense positive band at ca. 365 nm in the
TA spectra, which is assigned to the absorption of the radical
anion of the cyclometalating C*C”N ligand, similar to those of
the tridentate cyclometalated ligand-containing gold(m)
complexes reported previously.*® Meanwhile, the moderately
intense positive band at ca. 535 nm for 1 and the less intense
positive band at ca. 630 nm for 6 are assigned to the absorption
of the carbazolyl radical cations of 1 and 6, respectively. These
are in good agreement with the TA spectral traces of related
organic carbazole-containing chromophores®* and carbazole-
containing transition metal complexes®** in the literature.
The red-shift of the TA band of 6 when compared to 1 is a result
of the replacement of the electron-accepting cyano group with
the electron-donating  4-(diphenylamino)-2-methylphenyl
moiety on the carbazolyl ligand. Furthermore, the TA spec-
trum of 6 displays a moderately intense low-energy positive
band at ca. 685 nm, which is assigned to the absorption of the 4-
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(diphenylamino)-2-methylphenyl radical cation, similar to
those reported for the 4-(diphenylamino)phenyl-containing
gold(m) complexes.”* The absorption decay lifetimes are found
to be 1.6 ps at 535 nm and 0.5 ps at 630 nm for 1 and 6,
respectively, which are comparable to their respective emission
decay lifetimes in toluene, confirming the assignment of the
excited state absorptions of the complexes in toluene.

The emission behavior of these complexes has also been
investigated in solid-state thin films, as depicted in the
normalized PL spectra of 1-6 in 20 wt% doped N,N-
dicarbazolyl-3,5-benzene (MCP) thin films (Fig. 1b). High PLQYs
of up to 80% can be observed from the thin films of this series of
complexes. It is worth noting that with the incorporation of an
extra methyl group ortho to the carbazolyl substitution, the
PLQYs of 4 and 6 in 10 wt% MCP thin films are higher than
those of 3 and 5, respectively [i.e. 4 (0.60) > 3 (0.38) and 6 (0.79) >
5 (0.65)]. The higher PLQYs can be ascribed to the presence of
the methyl group ortho to the carbazolyl group, which rigidifies
the complexes, thus reducing the rate of non-radiative decay.
Since the emission band is rather insensitive to the dopant
concentration, with only relatively insignificant red shifts on
increasing dopant concentration (Fig. S57), it is unlikely to be
mainly resulting from an excimeric emission. In general, the
emission behavior of 1-6 in thin films is found to resemble that
in the solution state, except that vibronic-structured emission
bands are found for 1 and 2. The rather unsymmetrical band of
2 indicates that there are at least two excited states with rather
similar energy levels involved in the emissions, possibly the *IL
excited state of the cyclometalating ligand and the *LLCT
excited state from the carbazolyl ligand to the pyridyl unit,
where the energy levels of the *LLCT excited state can be fine-
tuned by changing the substituent on the carbazolyl moiety.
The presence of two excited states can also be supported by the
time-resolved emission spectra of 2 in the 20 wt% doped MCP
thin film (Fig. 3a), where the time-delayed emission spectra
show a change in emission band shape from the rather
featureless unsymmetric band in the prompt emission
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Fig. 1
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(a) Normalized PL spectra of 1-6 in degassed toluene at 298 K. (b) Normalized PL spectra of thin films of 20 wt% 1-6 doped in MCP at 298
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Table 1 Luminescence data of the gold(i) complexes
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Emission Aep,/nm

Complex Medium (7/K) (to/18) Dyorn” D’ kS/s? /s
1 Toluene (298) 540 (2.0) 0.15 7.50 x 10* 4.25 x 10°
Solid (298) 497, 544
Solid (77) 509, 543, 591
Glass (77)¢ 484, 518, 556, 608 (233.5)
Thin film (298)
5 wt% in MCP® 494, 524 (81.6) 0.41 5.02 x 10° 7.23 x 10°
10 wt% in MCP® 495, 525 (78.9) 0.40 5.07 x 10° 7.60 x 10°
15 wt% in MCP® 497, 526 (67.0) 0.41 6.12 x 10° 8.81 x 10°
20 wt% in MCP® 498, 526 (62.9) 0.34 5.41 x 10° 1.05 x 10*
2 Toluene (298) 570 (0.6) 0.14 2.33 x 10° 1.43 x 10°
Solid (298) 512, 542 (5.9, 49}
Solid (77) 522, 559, 605 (24.6, 131.2)
Glass (77)¢ 484, 520, 560, 607 (199.6)
Thin film (298)
5 wt% in MCP® 496, 523 (70.4) 0.57 8.10 x 10° 6.11 x 10°
10 wt% in MCP® 497, 523 (64.6) 0.63 9.75 x 10° 5.73 x 10°
15 wt% in MCP® 499, 523 (59.4) 0.60 1.01 x 10* 6.73 x 10°
20 wt% in MCP* 501, 524 (54.7) 0.59 1.08 x 10* 7.50 x 10°
3 Toluene (298) 659 (0.04) 0.003 6.98 x 10* 2.32 x 107
Solid (298) 608
Solid (77) 588
Glass (77)° 563 (2.2)
Thin film (298)
5 wt% in MCP® 557 (1.7) 0.44 2.59 x 10° 3.29 x 10°
10 wt% in MCP® 568 (1.2) 0.38 3.17 x 10° 5.17 x 10°
15 wt% in MCP° 568 (1.1) 0.36 3.28 x 10° 5.82 x 10°
20 wt% in MCP® 580 (0.8) 0.27 3.38 x 10° 9.13 x 10°
4 Toluene (298) 637 (0.1) 0.01 1.00 x 10° 9.90 x 10°
Solid (298) 595
Solid (77) 570
Glass (77)° 481, 548 (1.8, 3.6)
Thin film (298)
5 wt% in MCP® 546 (2.9) 0.60 2.07 x 10° 1.38 x 10°
10 wt% in MCP® 554 (2.0) 0.60 3.00 x 10° 2.00 x 10°
15 wt% in MCP* 560 (1.6) 0.56 3.50 x 10° 2.75 x 10°
20 wt% in MCP® 564 (1.3) 0.52 4.00 x 10° 3.69 x 10°
5 Toluene (298) 600 (0.5) 0.05 1.00 x 10° 1.90 x 10°
Solid (298) 542
Solid (77) 527, 566
Glass (77)° 481, 516, 553 (4.0, 8.9)
Thin film (298)
5 wt% in MCP® 530 (12.7) 0.63 4.96 x 10* 2.91 x 10*
10 wt% in MCP® 537 (10.2) 0.65 6.37 x 10* 3.43 x 10*
15 wt% in MCP® 539 (7.2) 0.68 9.44 x 10* 4.44 x 10*
20 wt% in MCP® 548 (4.8) 0.66 1.38 x 10° 7.08 x 10*
6 Toluene (298) 599 (0.5) 0.07 1.20 x 10° 1.88 x 10°
Solid (298) 517, 556
Solid (77) 527, 560
Glass (77)¢ 483, 520, 558 (4.3, 10.6)
Thin film (298)
5 wt% in MCP® 527 (7.6) 0.76 1.00 x 10° 3.16 x 10*
10 wt% in MCP® 535 (5.9) 0.79 1.34 x 10° 3.56 x 10*
15 wt% in MCP® 538 (4.0) 0.64 1.60 x 10° 9.00 x 10*
20 wt% in MCP* 543 (3.2) 0.68 2.13 x 10° 1.00 x 10°

“ The relative luminescence quantum yield in solutlon was measured at room temperature using quinine sulphate in 1 N H,SO, as the reference

(exc1tat10n wavelength = 365 nm, @y, = 0. 546)

Pgim of gold(ur) complexes doped into 5-20 wt% MCP excited at a wavelength of 320 nm.

¢ Radiative decay rate constant determlned from the equation &, = @em/ro, non-radiative decay rate constant determined from the equation k.

= (1 - ®em)/ro

spectrum to a more vibronic-structured band, indicating the
presence of two close-lying emission origins, with vibronic-
structured IL emission having a longer excited-state lifetime

© 2022 The Author(s). Published by the Royal Society of Chemistry

Measured in EtOH-MeOH-CH,Cl, (40 : 10 : 1, v/v). ¢ Prepared by spin-coating./ Bi-exponential decay.

that led to the pure vibronic-structured emission band at long
time delays. In contrast, only a structureless Gaussian-shape
band typical of LLCT origin can be observed in the time-
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Fig. 2 Transient absorption spectra of 1 in degassed toluene at 298 K
at decay times of 0—4 ps and the decay trace monitored at 535 nm in
the inset.

resolved emission spectra of 6 in the 20 wt% doped MCP thin
film (Fig. 3b) given the lack of the high-energy IL excited state
involvement in the emission origin. Similarly, the vibronic-
structured emission of 1 in the 20 wt% doped MCP thin film
is suggestive of a low-lying *IL state arising from the presence of
the electron-withdrawing cyano substituent on the carbazolyl
moiety. Besides the electronic effect that led to the change in
excited state origin, the steric effect imposed by the bulky 4-
(diphenylamino)aryl substituent over the less sterically
demanding cyano group would also rigidify the complex and
affect the molecular orientation, especially with the 4-
(diphenylamino)-2-methylphenyl moiety instead of the cyano
moiety as a substituent. The presence of steric effect has also
been reported to play an important role in molecular orienta-
tion, thus influencing the outcoupling efficiency.*®

Computational studies

To gain a deeper understanding into the nature and energies of
the excited states of these complexes, density functional theory
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Edge Article

(DFT) and time-dependent density functional theory (TDDFT)
calculations have been performed on 1, 2 and 6. The optimized
ground-state (S,) geometries and the selected structural
parameters of these complexes are shown in Fig. S6.1 The first
fifteen singlet excited states of 1, 2 and 6 are summarized in
Table S3,7 and the simulated UV-vis spectra, generated by
Multiwfn,> are shown in Fig. S7-S9.1 Selected molecular
orbitals involved in the transitions are shown in Fig. S10-S12.7}
The S, — S; transitions correspond to the HOMO — LUMO
excitation in 1 and 2, and the HOMO — 1 — LUMO excitation in
6. For all the complexes, the HOMO and HOMO — 1 are
predominantly the 7 orbitals localized on the carbazolyl ligand,
while the LUMOs are the 7* orbitals predominantly localized on
the central phenyl ring and the pyridine moiety of the C*C"N
ligand. Hence, the absorption tail is assigned as the LLCT
[7t(carbazolyl ligand) — w*(C~C”N)] transition, which supports
the experimental energy trend of the absorption tails and their
spectral assignments. The orbital energy diagram showing the
frontier molecular orbitals of 1, 2 and 6 is shown in Fig. S13.7
The HOMO energy levels are found to be sensitive to the
substituents of the carbazolyl ligand, i.e. 1 <2 < 6 where the
electron-accepting strengths of the substituents decrease,
whereas the LUMO energies are less affected, in good agree-
ment with the experimental trend. Through manipulating the
substituents, the HOMO-LUMO gap which corresponds to the
LLCT transition energy can be fine-tuned (i.e. 1> 2 > 6).

TADF properties

In order to investigate whether these gold(ur) complexes show
TADF behavior, the emission properties of the thin films of 6
have been studied at various temperatures, with Fig. 4a
depicting the variable-temperature emission spectra of 6 in
20 wt% doped thin films from 160-300 K. Significant growth in
luminescence intensity has been observed upon increasing the
temperature. Meanwhile, the solid-state emission of 2 is found
to be blue-shifted from 77 to 298 K (Fig. 4b). As TADF
compounds are well known to show luminescence intensity
growth and blue-shifted emission with increasing temperature
and behave just like other TADF-active gold(m) complexes
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Fig. 3 Time-resolved emission spectra of (a) 2 and (b) 6 doped at 20 wt% in MCP.
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Fig. 4
spectra of the solid sample of 2 at 77 and 298 K.

previously reported,?*=¢ it is likely that 2 and 6 could possibly be
TADF emitters. Yet the experimental AEsr cannot be obtained
since the non-radiative decay is not negligible®® and the excited
state lifetimes show insignificant changes in the achievable
temperature range.””

In view of the experimental limitations, further scrutiny
using DFT and TDDFT calculations has been made on 1, 2 and 6
to investigate the possible involvement of TADF in the excited
states. As shown in the natural transition orbitals (NTO)
(Fig. S14-S167), for the S; and T, states of 2 and 6, and the S,
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(@) Emission spectra of 20 wt% 6 doped in the MCP thin film upon increasing the temperature from 160 to 300 K. (b) Normalized PL

predominantly the 7 orbitals localized on the carbazolyl ligand,
whereas the lowest unoccupied NTO (LUNTO) is mainly local-
ized on the C*C*N ligand, revealing the *LLCT character of
these states. On the other hand, both the HONTO and the
LUNTO of the T, state of 1 are localized on the C*C"N ligand,
indicating the *IL character. This indicates that the judicious
choices of the substituents can manipulate the *IL and *LLCT
excited states by fine-tuning the HOMO energy levels of the
gold(m) complexes. For instance, the strongly electron-
accepting cyano group can stabilize the 7 orbitals of the car-

state of 1, the highest occupied NTOs (HONTO) are bazolyl moiety of 1, resulting in a lower-lying *IL excited state
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than the *LLCT excited state. The relatively less electron-
accepting phosphine oxide moiety stabilizes the 7 orbitals of
the carbazolyl moiety of 2 to a smaller extent, and therefore the
*LLCT and °IL excited states share similar energy. Meanwhile,
the 7 orbitals of the carbazolyl moiety of 3-6 are destabilized
due to the presence of electron-donating 4-(diphenylamino)aryl
moieties, such that their *LLCT excited states are lower-lying
than the °IL excited states. The relative energies of these
excited states of 1, 2 and 6 are depicted in Fig. 5.

To further investigate the TADF properties of the complexes,
the geometries of 1, 2 and 6 at S; and T; excited states are
optimized, and the rate of radiative decay (k.), energy between
singlet and triplet states (AEsy) and the rate of reverse inter-
system crossing (krisc) are summarized in Fig. 5. The AEgy
values of 2 and 6 are significantly smaller than that of 1 [2 and 6
(~0.0140 eV) <1 (0.1291 eV)]. The small AEgy values of 2 and 6
indicate the feasible occurrence of TADF at ambient tempera-
ture, while it is very unlikely for 1 to show TADF due to the much
larger AEsy. Furthermore, the kgisc values of 2 and 6 are much
larger than that of 1 [2 (8.88 x 10° s™"), 6 (6.49 x 10° s7 ) > 1
(4.16 x 107 s~ 1], indicating the more efficient RISC for 2 and 6,
which is critical for them to exhibit TADF, while the smaller
krisc of 1 does not favor the occurrence of TADF. Together with
experimental results mentioned previously, 1 likely behaves as
a phosphorescence emitter, while 2 and 6 can behave as TADF
emitters (see Fig. 5). 2 shows dual emission that originates from
both 'LLCT and °IL excited states, owing to the close-lying
energy of the *LLCT and °IL excited states. The involvement of
3IL excited states is supported by the significantly longer excited
state lifetimes of 2 of several tens of microseconds in the thin
film state. Meanwhile, the emission of 6 likely originates from
TADF from upconversion to the "LLCT excited state, supported
by the shorter excited state lifetimes of only a few microseconds.
This agrees well with both the experimental and calculated £, in
which the &, values of both 2 and 6 are larger than that of 1 (see
Fig. 5 and Table 1), which is the result of the activation of TADF
of 2 and 6, providing an extra radiative decay channel that 1
does not have. On the other hand, based on the trend of the
relative energies of excited states being affected by the substit-
uents for 1, 2 and 6, this series of complexes is likely to be TADF
active if the substituents are less electron-accepting than the
phosphine oxide moiety. Therefore, complexes 3-5, that contain
4-(diphenylamino)aryl moieties as substituents, are expected to
show TADF behavior. It can be concluded that the relative
energies of *IL and *LLCT excited states are crucial for the
activation of TADF, and the manipulation of substituents on the
carbazolyl ligand can serve as a simple but effective way to
control the on/off switching of TADF behavior, providing
insights into the future design of TADF-gold (i) materials.

Molecular orientation studies

In light of the recent interest in enhancing outcoupling of the
emission through the preferential horizontal orientation of
emitters,”® angular-dependent PL experiments have been
carried out on the vacuum-deposited thin films of 11% v/v 6
doped in 3,3'-di(9H-carbazol-9-yl)-1,1"-biphenyl (m-CBP). m-CBP
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Fig. 6 Angular-dependent PL intensities of the p-polarized light of 6
and [Au{4-"BuCAC(4-"BuCeH4)AN}Cbz)] (11% v/v) in m-CBP thin films
with 20 nm thickness.

has been selected as the host to ensure that the preferential
orientation is solely induced by the gold(m) emitters, given that
m-CBP remains in a random orientation in a wide range of
deposition temperatures.®® As shown in Fig. 6 and Table S13,}
the order parameter S is found to be —0.16 for 6. Given that S
ranges from —0.5 as perfect horizontal orientation to +1.0 as
vertically aligned orientation, where S = 0 indicates a random
molecular orientation,®® S = —0.16 for 6 indicates that the
molecules of 6 prefer to be more inclined toward horizontal
alignment in the host matrix. It is worth noting that 6 bears an
additional 4-(diphenylamino)-2-methylphenyl moiety on the
carbazolyl ligand when compared to [Au{4-BuC"C(4-"BuCg¢H,)
~N}(Cbz)]. In contrast to [Au{4-‘BuC"C(4-BuC¢H,)"N}(Cbz)],
where S is found to be —0.04,% the more negative value of S in 6
suggests that the presence of the bulky 4-(diphenylamino)-2-
methylphenyl moiety on the carbazolyl ancillary ligand can
favor a more extended molecular interaction between 6 and the
host matrix, resulting in a more preferential orientation for
molecules of 6 to align horizontally.

OLED fabrication and characterization

Both solution-processed and vacuum-deposited OLEDs have
been prepared to examine the EL properties of this class of
gold(m) complexes. Fig. 7 shows the normalized EL spectra and
EQEs of the solution-processed devices based on 1-6 and Tables
S14 and S15f summarize their key parameters. Apparently, all
the EL spectra resemble the PL spectra, going from a rather
unsymmetric vibronic-structured emission band for 1 and 2 to
structureless emission for 3-6. This observation suggests the
change of excited states for emission from *IL to LLCT, which
aligns with the assignment in the emission and computational
studies. All the solution-processed devices exhibit satisfactory
performance with maximum current efficiencies ranging from
15.4 to 38.0 cd A", corresponding to maximum EQEs ranging
from 6.1 to 11.7%. The discrepancies on device efficiencies are
in line with the PLQYs of the complexes in MCP thin films. The
maximum EQE of 4 is apparently higher than that of 3 [EQE: 4
(10.0%) > 3 (6.1%)], which is clearly reflected from the differ-
ence in their PLQYs [PLQY: 4 (0.60) > 3 (0.38)]. This can be
attributed to the reduced non-radiative decay rate due to the
relatively larger energy gap [4 (576 nm) > 3 (584 nm)], and more

© 2022 The Author(s). Published by the Royal Society of Chemistry
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importantly the rigidified molecular structure in the presence of
the methyl substituent in 4, which can restrict the rotation
of the 4-(diarylamino)phenyl group at the 3-position of the
carbazolyl ligand. Meanwhile, the EQEs of 5 and 6 are found to
be fairly similar and the PLQY of 5 is slightly lower than that of
6, [5 (0.65) < 6 (0.79)]. The slightly higher PLQY of 6 than 5 could
be attributed to the steric effect exerted by the methyl group in
6, which is less apparent in the EQE measurement. On the other
hand, it should be highlighted that the change of excited state
origins not only determines the shape of EL spectra, but also
has significant impact on the efficiency roll-offs of the devices.
Notably, except for 1, extremely small efficiency roll-offs
(4ron-ofr) from 8% for 2 down to 1% for 4 have been achieved
at a luminance of 1000 cd m ™2, much smaller than that for the
device made with 1 (i.e. 65%). The 4,0yt values of these devices
are also smaller than that of 1 at a luminance of 5000 cd m 2.

A similar phenomenon has also been observed in the
vacuum-deposited OLEDs. Particularly, 2, 4, 5 and 6 were
utilized to prepare the vacuum-deposited devices. Apart from 2
having two resolved emission bands, other complexes, i.e. 4, 5
and 6, demonstrate structureless EL spectra (Fig. S17at). In
addition, high current efficiencies of up to 46.4 cd A~ and EQEs
of up to 15.0% have been achieved (Fig. S17b and Table S167).
Meanwhile, the operational stabilities of the vacuum-deposited
OLEDs were tested under a driving current density of 20 mA
em™>. Fig. S187 depicts the relative luminance of the vacuum-
deposited devices as a function of operational time and Table
S17t summarizes their lifetime data. Operational half-lifetimes
(LTs0) of up to 2760 hours have been achieved with the device
based on 4. Table S18f summarizes the representative TADF-
based OLEDs with similar Commission Internationale de
L'Eclairage (CIE) coordinates as 6 for references. Although there
is still room for improvement on the operational stability of
these TADF-based devices, the present findings demonstrate
the effectiveness of ligand manipulation on activating the TADF
behavior of gold(umr) complexes.

Conclusion

In summary, a new class of cyclometalated C*C"N carbazo-
lylgold(m) complexes has been designed and synthesized

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Normalized EL spectra and (b) EQEs of the solution-processed devices based on 1-6.

through the incorporation of different electron-donating and
electron-accepting moieties at the 2- and 3-positions of the
ancillary ligand. By changing cyano to 4-(diphenylamino)aryl
moieties in the carbazolyl ligand, the energy levels of the
excited states can be manipulated, thus activating TADF for the
gold(m) complex. This can effectively reduce the emission
lifetime in the gold(m) complexes by more than two orders of
magnitude from ~80 us to 0.8 ps. Together with high PLQYs of
up to 80%, efficient solution-processed and vacuum-deposited
OLEDs have been obtained. Specifically, 4,,1.o¢ 0Of the solution-
processed devices can be significantly suppressed when TADF
is activated, i.e. from 65% in 1 (phosphorescence-based) down
to 1% in 4 (TADF-based) at a practical brightness of 1000 cd
m 2. This work not only presents the design principles for the
manipulation of the excited state nature of the gold(m)
complexes through functionalizing the carbazolyl ligand, but
also demonstrates the strategy to reduce the detrimental TTA
effect in the gold(m)-based OLEDs by activating the TADF
behavior.
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