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ABSTRACT: Luminescent carbene−metal−amide complexes bearing
group 11 metals (Cu, Ag, Au) have recently attracted great attention due
to their exceptional emission efficiency and high radiative decay rates (kr).
These materials provide a less costly alternative to organic light-emitting
diode (OLED) emitters based on more scarce metals, such as Ir and Pt.
Herein, a series of eight Cu(I) complexes bearing as yet unexplored 1,3-
thiazoline carbenes have been investigated and analyzed with respect to
their light emission properties and OLED application. For the first time
among the class of copper-based organometallic compounds the formation
of efficient electroluminescent excimers is demonstrated. The prevalence of
electroluminescence (EL) from either the monomer (bluish green) or the
excimer (orange-red) can be adjusted in vacuum-deposited emissive layers
by altering the extent of steric encumbrance of the emitter or its
concentration. Optimized conditions in terms of the emitter structure and mass fraction allowed a simultaneous EL from the
monomer and excimer, which laid the basis for a preparation of a single-emitter white OLED (WOLED) with external quantum
efficiency of 16.5% and a maximum luminance of over 40000 cd m−2. Wide overlapping emission bands of the monomer and excimer
ensure a device color rendering index (CRI) of above 80. In such a way the prospects of copper complexes as cost-effective materials
for lighting devices are demonstrated, offering expense reduction through a cheaper emissive component and a simplified device
architecture.

KEYWORDS: thermally activated delayed fluorescence, copper complex, organic light-emitting diode, carbene−metal−amide, excimer,
Marcus theory, conformational locking, white emission

■ INTRODUCTION

Advancements in organic light-emitting diode (OLED)
technology has aided the rise of innovative consumer-grade
products, such as mobile devices and TV displays with
unmatched power consumption characteristics, form factors,
refresh rates and image quality.1 In addition, great attention has
recently been devoted to the development of white OLEDs
(WOLEDs) for next-generation lighting devices.2 Emitters with
suitable photophysical properties play a crucial role in attaining
the desired efficiency and longevity parameters of these devices.
Due to the intrinsic nature of electronic excitations, which
generate singlet (S) and triplet (T) excitons in a 25%:75% ratio,
the ability to ensure emission by circumventing the forbidden
nature of the T1 → S0 transition is the main requirement for
efficient emitters.3 Organometallic transition-metal complexes
bearing Ir, Pt, Os, and Re atoms possess strong spin−orbit
coupling (SOC), allowing fast phosphorescence with radiative
rates (kr) in the range of 105−106 s−1.4−6 Although these
materials have experienced the most widespread practical use,

the rarity and high cost of the mentioned elements have fueled
research interest in compounds that feature more abundant
metals.7,8 Particularly, Cu complexes have attracted attention
due to the absence of efficiency-reducing d → d* transitions in
the d10-configured outer electron shell.9−13 While Cu does not
promote a rapid emission directly from the T1 state due to
insufficient SOC strength, the presence of this heavy atom aids
in efficient and fast triplet state harvesting through a thermally
activated delayed fluorescence (TADF)mechanism.14 The early
structural examples of such compounds mostly possessed metal
to ligand charge transfer (MLCT) states. Due to the formal
oxidation of the metal center upon photoexcitation, the
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geometry of these complexes transforms, so reducing the
attainable photoluminescence quantum yield (ΦPL).

15,16

Recently a new class of highly emissive d10-element (Cu, Ag,
Au)-based emitters have emerged in the form of two-coordinate
linear geometry complexes. Composed of metal-bound electro-
philic carbene and electron-rich amide ligands, these com-
pounds are often referred to as “carbene−metal−amides”
(CMAs).17−20 The TADF emission in these complexes
predominantly originates from ligand to ligand charge transfer
(LLCT) states, and ΦPL values of up to 1.0 can be attained due
to the limited metal involvement. Spatial separation of the
highest occupied and lowest unoccupied molecular orbitals
(HOMO and LUMO) ensures that the energy gap between the
lowest energy S and T states (ΔEST) is small, resulting in fast
direct and reverse intersystem crossing rates (kISC and kRISC) and
allowing TADF lifetimes of below 1.0 μs.21−24 In addition to
systematically tunable emission color, covering the visible
spectrum,25−29 these compounds show characteristics and
OLED performance that are comparable to those of state of
the art Ir and Pt emitters.19,25

Structure−property relations for this compound class have
been well established. Emission lifetimes (τ) become shorter in
the sequence Cu, Au, and Ag, partially in relation to the ΔEST
values of the corresponding complexes.21 The structure of the
ligands mainly influences the emission wavelength. The
electron-donating amide determines the HOMO energy level
of the emitter, which can be modified with an introduction of
electron-accepting or -donating structural fragments.25,30 All of
the known strongly emissive CMAs feature carbenes with an

electrophilic nature.27,31 In particular, cyclic alkyl amino
carbenes (CAAC),19,32 monoamido and diamido carbenes
(MAC, DAC),25,33 and aryl-fused carbenes27,34,35 have been
successfully used to synthesize such emitters. Despite these
examples the structural diversity of CMAs is still rather low due
to the small number of accessible carbenes that can provide
emitters with a combination of high emission efficiency and
chemical stability. Particularly, this can be addressed to the
emitters based on the more abundant Cu atom, for which only a
small number of reports have demonstrated a practical OLED
use (Figure 1).
Here we investigate the novel structures of highly luminescent

CMAs, which contain an as yet unexplored 1,3-thiazoline
carbene fragment. A series of complex molecules 1−8 was
synthesized by altering the substituents at the 4- or 5-position of
either the 1,3-thiazoline carbene or the carbazole amide
(Scheme 1). In doped PMMA films the compounds possess
highΦPL values (0.71−0.86) with radiative rates in the range kr =
(2.8−7.2) × 105 s−1. As we show, the emissive rates of the
complexes can be substantially increased by the simultaneous
introduction of sterically demanding groups at both the
thiazoline carbene 4-position and the carbazolide 1,8-positions.
The results of X-ray structural analyses and DFT calculations
relate this effect to a conformational locking that limits the
degree of torsional motion of the carbazolide ligand. On the
basis of the investigated compounds, for the first time among the
class of Cu(I) emitters we demonstrate the formation of efficient
electroluminescent excimers. The formation of emissive dimers
is related to the favorable molecular structure of 1,3-thiazoline-

Figure 1. Known Cu(I)-based CMA emitters with a demonstrated OLED use.

Scheme 1. Synthesis of CMA Emitters 1−8
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based emitters, featuring a flat molecular geometry and reduced
steric encumbrance of the carbene moiety. A simultaneous
electroluminescence from the bluish green emitting monomer
and orange-red emitting excimer allowed the preparation of
efficient single-emitter WOLEDs, following the concept widely
applied in the case of square-planar-coordinated Pt(II)
complexes.36,37 A vacuum-deposited WOLED featuring emitter
7 achieved an external quantum efficiency (EQE) of 16.5%, a
maximum brightness exceeding 40000 cd/m2, and a color
rendering index (CRI) of over 80. The presented results not
only expand the structural diversity of coinage-metal-based
carbene−metal−amide emitters by introducing a novel carbene
building block but also demonstrate a novel application
direction for this emitter class. Namely, the compounds can
be applied to develop highly cost effective WOLEDs for lighting
applications, offering expense reduction through cheaper
emitters and a simplified device architecture.

■ RESULTS AND DISCUSSION
Synthesis.N-2,6-Diisopropylphenyl (Dipp)-substituted 1,3-

thiazol-3-ium perchlorate carbene precursors, modified with 4,5-
dialkyl or 4-phenyl 5-methyl substituents (9, 11, and 13) were
synthesized following literature procedures.38 The preparation
of two-coordinate carbene−Cu(I)−chloride complexes (10, 12,

and 14) was carried out by in situ generation of a free carbene in
the presence of CuCl (Scheme 1). Amide ligands were
introduced by reactions of the chloride complexes and various
deprotonated carbazolides: carbazole (Cbz), 1,8-dimethylcar-
bazole (MeCbz), 3,6-di-tert-butylcarbazole (tBuCbz), and 3,6-
di-tert-butyl-1,8-dimethylcarbazole (MetBuCbz). The target
complexes 1−6 were obtained as white crystalline powders,
whereas 7 was a light green and 8 a yellow solid. The
compounds, with the exception of 6, show moderate to good
solubility in various aprotic organic solvents such as toluene,
chlorobenzene, dichloromethane, and THF. Complex 6 exhibits
much lower solubility and is only sparingly soluble upon heating.
In the crystalline form the compounds are stable and can be
stored indefinitely in the air. The decomposition temperatures
(thermogravimetric analysis, 5%weight loss) vary in the range of
275−300 °C (Figure S1). A slight increase in decomposition
temperatures (by approximately 15 °C) was observed for 4-
phenyl-substituted 1,3-thiazol-2-ylidene derivatives 5−8 in
comparison to 4-alkyl-substituted compounds 1−4. Due to
their sufficient thermal stability the compounds can be
processed with a vacuum deposition technique.

Compound Structures. Suitable single crystals for X-ray
crystallographic analysis were successfully prepared for com-
plexes 1−5 and 8 by layering solutions of THF with pentane.

Figure 2. Top and side views of X-ray structures for 3 (a), 2 (b) and 8 (c). Ellipsoids are shown at 50% probability level. Hydrogen atoms are removed
for clarity. Definitions: A, distance between the carbon at the carbazolide 1-position and the Dipp centroid; B, distance between the carbon at the
carbazolide 8-position and carbene sulfur; α, N2−Cu−C1 angle; β, dihedral angle between carbazolide and carbene planes; γ, dihedral angle between
Dipp and carbene planes. The bottom row shows space-filling representations of the molecules. Carbazolides are highlighted in green, Dipp rings are
shown in red, and the phenyl ring at the 1,3-thiazol-2-ylidene is presented in blue.
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Crystal structures of the complexes and their key structural
parameters are given in the Tables S1−S3 in the Supporting
Information. While generally the complexes can be charac-
terized with a near-linear geometry and an almost coplanar
configuration between the carbazolide and carbene planes, the
introduction of sterically demanding substituents at the 1,3-
thiazol-2-ylidene (4-phenyl group) or at the carbazolide (1,8-
dimethyl groups) causes various structural deformations (Figure
2). In the absence of steric strain the angle α (∠N2−Cu−C1) is
slightly bent (∼5°) in the direction of the Dipp ring (Figure 2a).
If methyl groups are introduced at the 1,8-positions of the
carbazolide, a repulsion takes place between the carbazolide
methyl and the Dipp ring, twisting α in the direction of the
unhindered side of the carbene ligand (Figure 2b). This steric
interaction also causes a slight elongation of the metal−ligand
bonds. The distances N2−Cu and Cu−C1 vary in the ranges of
1.845−1.855 and 1.859−1.871 Å, respectively, when Cbz is
present, while for the complexes hosting MeCbz or MetBuCbz
ligands these values reach 1.866−1.871 and 1.873−1.887 Å,
respectively. When a phenyl group is attached at the 4-position
of the thiazol-2-ylidene, an additional structural deformation is
introduced (Figure 2c). Due to a steric overcrowding at the
carbene, phenyl and Dipp rings form a fan-shaped geometrical
motif. As a result the Dipp ring is pushed out of the
perpendicular alignment with the 1,3-thiazol-2-ylidene plane.
Since the ring plane of the attached carbazolide is conforma-
tionally constrained to reside between the two isopropyl groups
of Dipp, the rotation of the former structural fragment
additionally moves the carbazolide outside of the coplanar
alignment with the carbene ligand. Consequently, for structures

5 and 8, the dihedral angle between carbazolide and carbene
planes (β) reaches a value of about 15°. On consideration ot the
previous points, the molecules in which both previously
mentioned steric factors are present should possess a reduced
conformational freedom in terms of the ability of the
carbazolide, Dipp, and phenyl rings to rotate around the
corresponding linking bonds. Due to steric pressure from both
the carbene and carbazolide sides, the isopropyl groups of Dipp
act as a conformational lock, as can be seen in the space-filling
representation of molecule 8 (Figure 2c). We directly relate the
low outlier solubility of complex 6 to the increased structural
rigidity of the compound, as it enhances the compound’s
crystallization tendency. While a similar low solubility would be
expected for 8, it is presumably prevented by the tert-butyl
groups at the carbazolide, which limit close contacts between the
molecules upon solid-state packing. As will be discussed further,
the introduction of the previously discussed steric factors have a
direct influence on the photophysical properties of the
compounds.

Electrochemistry.Cyclic voltammetry (CV)measurements
for solutions in acetonitrile were carried out to gain insight into
the electrochemical properties of the complexes (Figure S2 and
Table S4). Redox potentials were calibrated against the potential
of the Fc+/Fc reference. The compounds exhibit similar
electrochemical behavior with quasi-reversible oxidation and
irreversible reduction waves. The measured reduction potentials
(Ered) are almost identical (approximately −2.28 V) for the
whole series and are assigned to the reduction of the thiazol-2-
ylidene carbene ligand. The oxidation process, on the other
hand, is related to the carbazolide fragment. A small cathodic

Figure 3. Photophysical properties of complexes 1−8: (a) UV−vis absorption of complexes in toluene (10−5 M); (b) UV−vis absorption of 5 in
toluene, chlorobenzene, and acetonitrile (10−5 M); (c) PL bands of complexes in deoxygenated toluene (10−5 M); (d) PL bands of complexes in
doped PMMA films (5 wt %).
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shift of the oxidation potential (Eox) was observed with the
introduction of electron-donating methyl and tert-butyl
substituents. As a result, the Eox value of the amide-centered
process varies from 0.06 V for the Cbz-hosting complex 5 to
−0.14 V for theMetBuCbz-bearing complex 8. In such a way the
carbazolide ligand plays the main role in tuning the band gap
(ΔE) values of the complexes. ΔE values vary in the range from
2.37 V for complex 3 to 2.13 V for complex 8.
Photophysical Properties. UV−vis absorption spectra of

the investigated compounds in toluene solutions are shown in
Figure 3a. The structured absorption bands between 300 and
380 nm are assigned to local transitions of the carbazolide
ligand.25 The lowest-energy region features a single broad and
structureless band, which undergoes a hypsochromic shift with
increasing solvent polarity (Figure 3b). The solvatochromic
response indicates a charge transfer (CT) nature of the
transition. The negative solvatochromism of the CT bands is a
distinctive characteristic of CMA complexes and is related to an
inversion of the molecular dipole direction upon photo-
excitation.20,27,31 Similarly to other known CMAs, the CT
transition is intense, withmolar extinction coefficients ranging in
the interval (5.3−8.0) × 103 M−1 cm−1. A direct correlation
between CT absorption energies and electrochemically
determined band gap values can be made (Figure S3). The
absorption onset energy of 8 is red-shifted by 0.23 eV in
comparison to 3, which corresponds well with the decrease in
the ΔE value (0.24 V). This provides further evidence for the
proposed carbazolide−carbene interligand CT character of the
lowest-energy absorption bands.
The results of photoluminescence (PL) measurements in

toluene solutions and doped PMMA films (5 wt %) are shown in
Table 1. In toluene the complexes exhibit bluish green to green
emission (λmax = 507−554 nm; Figure 3c). The broad and
featureless profile of the PL bands indicates emission from CT
excited states. The relative spectral placement of PL bands is
consistent with the CV and UV−vis absorption measurements.
A large variation in the measured ΦPL values is evident, ranging
from 0.23 to 0.76, and is related to substantial differences in the
nonradiative decay rates (knr). A clear correlation with regard to
the complex structure can be made, where the compounds

bearing 1,8-dimethyl carbazolide ligands (2, 4, and 8) show
considerably lower knr values in comparison to the structural
analogues with the Cbz fragment (1, 3 ,and 5). As recently
demonstrated by Li et al.,39 the rotation of the donor ligand in
CMA complexes plays a significant role in the excited-state
deactivation process and the limitation of this conformational
motion can be applied to significantly increase the PL efficiency
of the compounds. As was discussed previously, a steric
interaction between Dipp and the methyl groups of carbazolide
is evident in the obtained X-ray structures and a conformational
constraint is expected to take place in the corresponding
complex molecules, limiting the ability of the carbazolide plane
to rotate around the Cu−N bond and thus substantially
reducing knr. The only exception from the observed trend is
compound 6, which shows the highest knr value among the
series, despite the presence of the MeCbz ligand. This is
attributed to the poor solubility of the compound and the
prevalence of an additional nonradiative relaxation pathway,
related to an aggregate formation.
Upon doping in PMMA (5 wt % emitter concentration) the

complexes experience a substantial PL efficiency increase (ΦPL =
0.71−0.86). This can be related to a nonradiative decay rate
decrease, which arises due to the suppression of conformational
motions in the solid state. Additionally, PL bands exhibit a
pronounced hypsochromic shift in comparison to solutions, an
effect that can be attributed to a characteristic rigidochromism of
the CMA complexes.20 While a slight variation is observed
between nonradiative rates, kr values of the compounds differ
substantially, in the range of (2.8−7.2) × 105 s−1. Again, a clear
correlation with the complex structure can be made, where
compounds with 1,8-dimethyl-substituted carbazolide ligands
show a kr increase by a factor of 1.1−1.6 in comparison to the
structural analogues bearing a Cbz fragment. Notably, the
highest radiative rates are observed for compounds 6 and 8,
which, in addition to s sterically demanding carbazole, feature a
second steric factora phenyl substituent at the carbene ligand.
These observations indicate that the limitation of the torsional
motion of the carbazolide fragment has a positive effect on an
enhancement in the kr values.

Table 1. Emissive Properties of Complexes 1−8 in Different Media

compound λmax, nm ΦPL τ, μs kr,
a 105 s−1 knr,

b 105 s−1 τ, μs (77 K)

Toluene Solution
1 511 0.37 0.58 6.4 10.9
2 517 0.42 0.75 5.6 7.7
3 507 0.41 0.36 11.4 16.4
4 513 0.79 0.85 9.3 2.5
5 521 0.39 0.46 8.5 13.3
6 527 0.23 0.41 5.6 18.8
7 549 0.73 0.72 10.1 3.6
8 554 0.76 0.76 10.0 3.2

PMMA Films (5 wt %)
1 471 0.74 2.6 2.8 1.0 187 (CT), 2536 (3LE)
2 478 0.82 1.9 4.3 0.9 91 (CT), 2429 (3LE)
3 467 0.68 1.9 3.6 1.6 199 (CT), 2919 (3LE)
4 474 0.84 2.1 4.0 0.8 98 (CT), 2791 (3LE)
5 479 0.71 2.1 3.4 1.4 167 (CT), 2367 (3LE)
6 484 0.78 1.6 4.9 1.4 90(CT), 3046 (3LE)
7 499 0.73 1.6 4.6 1.7 157 (CT), 2417 (3LE)
8 509 0.86 1.2 7.2 1.2 117 (CT)

akr = ΦPL/τ.
bknr = (1 − ΦPL)/τ.
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In the examined PMMA films all of the compounds show
monoexponential PL decay profiles (Figure S4). The lack of
well-resolved prompt fluorescence and PL lifetimes in the range
of a few microseconds indicates that the emission originates
solely from the triplet states. This is a typical behavior for CMAs
and is governed by large kISC values, which arise due to the
significant SOC provided by the Cu atom.21,40 Temperature-
dependent measurements were performed for doped PMMA
films to more deeply investigate the emissive mechanism of the
compounds. PL spectra taken at 77 K (Figure 4a) indicate that
for compounds 1−7 the emission bands transform, exhibiting a
well-resolved vibrational substructure. The PL bands resemble
the spectra of carbazole phosphorescence (Figure S5),
demonstrating that the emission involves a relaxation from the
local amide excited triplet (3LE) states. The corresponding PL
decays reveal a biexponential nature of the emission consisting
of shorter (∼90−200 μs)- and longer-lived (∼2300−3000 μs)
components (Figure S6). The CT and 3LE nature of these two
emissive processes is illustrated by time-resolved PL measure-
ments (Figure S7). The prevalence of a 3LE state emission under
low-temperature conditions is characteristic among CMA
emitters and is related to the destabilizing effect of the frozen
host matrix, which shifts 1CT and 3CT levels above the 3LE state,
enabling the phosphorescence of the donor fragment.20 A
contrasting behavior is observed for compound 8, which retains
a structureless PL with CT character up to 10 K (Figure 3b). A
blue shift of emission is evident, again illustrating the

destabilizing effect on the CT state in response to the gradually
solidifying host.
The PL kinetics of complex 8 was examined in the

temperature interval 310−10 K (Figure 4c,d). The emission
decays retain a monoexponential nature throughout the
examined temperature range. A significant increase in PL
lifetime is observed upon cooling, from 1.2 μs at room
temperature to 140 μs at 10 K, illustrating a thermal activation
of the emissive process and providing evidence for the TADF
mechanism. Similarly to other TADF-active copper complexes
three distinct temperature regions can be resolved.14,41 At room
temperature the emission originates predominantly from the
1CT state, enabled by the TADF process. Upon cooling the 1CT
emission is progressively accompanied by a phosphorescence
from 3CT. Finally, below 50 K the emission lifetime no longer
shows a temperature dependence, thus indicatint the sole
contribution of 3CT phosphorescence. A fit against the modified
Boltzmann equation41 was performed to obtain theΔEST energy
gap of the complex, yielding a value of 44 meV, which is
comparable to the values observed in other high-performance
CMA emitters.21,35

Theoretical Calculations. In order to gain a deeper insight
into the mechanism of the emissive processes and establish the
impact of steric effects on the emissive properties, a DFT
analysis was performed. Compounds 5 and 6 were chosen for
the calculations to account for structures with Cbz and bulky
MeCbz amide ligands. Despite some small differences in S1 and
T1 excited state energies for the two studied systems, the orbital

Figure 4. (a) PL bands of complexes 1−7 at 77 K in doped PMMA films (5 wt %). (b) PL bands of complex 8 at different temperatures. (c) PL decays
of complex 8 at different temperatures. (d) PL lifetime and temperature correlation for complex 8 and fit against the Boltzmann relation. The
parameters obtained from the fit, τ(S1), τ(T1), and ΔEST are provided.
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natures of these states are closely similar: theHOMO is localized
on the carbazolide fragment, while the LUMO is situated on the
carbene ring (Figure 5a,b). This allows us to assign the S1 and T1
states of complexes 5 and 6 to ligand to ligand charge-transfer
(LLCT) excitations. The localization of HOMO and LUMO
wave functions is found to be independent of the geometry (S0,
S1, or T1) at which they are computed. The HOMO and LUMO
both contain some small contribution on the central Cu atom
that affects the nonzero oscillator strength values for vertical S0
→ S1 absorption and S1 → S0 emission, but that also leads to a
considerably increased calculated adiabatic ΔEST(ad) gap
(Table 2). In addition, our calculations reproduce well the
small red shift in absorption and fluorescence maxima observed
in experimental measurements of complex 6.
In accordance with the X-ray structural data, the planes of the

carbene and carbazolide ligand ring systems are practically
coplanar at the optimized S0 geometry. The same situation is
observed for the T1 state. However, at the S1 geometry these
planes tend to assume a perpendicular alignment (Figure 5c,d),
as is commonly predicted among CMA emitters.27,32,40 At the
same time, the degrees of this structural transformation are not
equal for the two complex molecules. While for compound 5 the
dihedral angle between the carbene and carbazolide planes is
77°, in the case of 6 this value reaches only 55°. This can be
directly attributed to the conformational locking effect, as during
the rotation around the carbazolide−metal bond the methyls of
the carbazolide in complex 6 cannot cross past the isopropyl
groups of Dipp. Consequently, in the excited state the
compound is bound to assume a semitwisted conformation.

This has a profound effect on the predicted photophysical
properties of the compound. While at the S0 geometry the
oscillator strengths ( f) of the S0 → S1 transition are almost
identical for the two complexes, at the optimized S1 state a 2-fold
increase in f is observed for 6, resulting in an equal increase in the
predicted fluorescence rate (kf). In CMA emitters the extent of
electronic coupling between the two fragments involved in the
LLCT process is directly dependent on the dihedral angle
between them, where f is maximum at the coplanar configuration
but practically zero at the perpendicular alignment.40,42

Combining the calculated values of adiabatic singlet−triplet
splittings, reorganization energy values, and computed SOC
matrix elements (SOCMEs) within the semiclassical Marcus
theory expression,43 we have estimated the rates of ISC (kISC) to
be at the levels of 8.9 × 1011 and 8.5 × 1011 s−1 for complexes 5
and 6, respectively. Using the calculated ΔEST(ad) gap, we
predict the corresponding kRISC values to be equal to 1.2 × 106

and 1.5 × 107 s−1, respectively. The photophysical pattern of the
delayed fluorescence phenomenon in the complexes can be
characterized accordingly: the rate of ISC is much faster than the
rate of prompt fluorescence kf, and thus prompt fluorescence is
almost completely quenched by the ISC. Consequently, the rate-
determining step of the emissive TADF relaxation pathway is the
reverse intersystem crossing rate. When the experimental
observations are taken into account, where the radiative rate
of complex 6 is larger by a factor of 1.4 than for 5, this difference
can be attributed to a combination of increased oscillator
strength and kRISC parameters in the case of compound 6. The
phosphorescence of the studied complexes is predicted to be a

Figure 5. Frontier molecular orbitals of complexes 5 (a) and 6 (b) represented at the S0 geometry of the compounds. Space-filling representations of
the optimized S1 state geometries and dihedral angles between the carbene and carbazolide planes for 5 (c) and 6 (d). Carbazolides are highlighted in
green, Dipp rings are shown in red, and the phenyl ring at thiazol-2-ylidene is presented in blue.

Table 2. Selected Calculated Spectroscopic Parameters, Energetic Characteristics, and Rate Constants for Complexes 5 and 6

complex ΔEST(ad), eV
λabs, nm

( f(S0→S1)
a)

λfl, nm
( f(S0→S1)

a)
λphos,nm

( f(S0→T1)
a)

⟨S1|Ĥ̂so|T1⟩,
cm−1 λ(S),b eV λ(T),c eV kp, s

−1 kf, s
−1 kISC, s

−1 kRISC, s
−1

5 0.25 409 (0.115) 512 (0.011) 551
(3 × 10−5)a

42.5 0.07 0.19 2.2 × 103 2.7 × 106 8.9 × 1011 1.2 × 106

6 0.23 418 (0.125) 538 (0.025) 568
(3 × 10−5)a

44.0 0.08 0.15 2.4 × 103 5.8 × 106 8.5 × 1011 1.5 × 107

aThe f value is given for the S0 → T1 transition for the brightest triplet spin sublevel. bReorganization energy associated with the RISC process.
cReorganization energy associated with the ISC process.
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process that is too slow (kp ≈ 2 × 103 s−1) to compete with the
fluorescence channel under room-temperature conditions. Only
one individual sublevel of T1 state demonstrates the ability to
phosphorescence with a reasonable radiative lifetime (152 and
140 μs for 5 and 6, respectively), while the two other spin
sublevels are degenerate and demonstrate 2 orders of magnitude
longer radiative lifetimes. The calculated values of ZFS between
these dark spin sublevels and the upper bright spin substate are
2.9 and 5.7 cm−1 for 5 and 6, respectively.
Electroluminescence Properties. To investigate the

electroluminescent (EL) applications of thiazoline-based
Cu(I) complexes 7 and 8, we fabricated OLEDs to examine
the carrier balance conditions using several potential hosts with
adequate triplet energy gaps, including 4,4′-N,N′-dicarbazole-
biphenyl (CBP),44 3,3′-bis(9H-carbazol-9-yl)-1,1′-biphenyl
(mCBP),45 3-bis(9-carbazolyl)benzene (mCP),46 and bis(2-
(diphenylphosphino)phenyl)ether oxide (DPEPO).47 Further-
more, the hole-transporting 1,1-bis[(di-4-tolylamino)phenyl]-
cyclohexane (TAPC) and 4,4′,4″-tris(N-carbazolyl)-
triphenylamine (TCTA) were combined to form a stepwise
hole-transport layer (HTL), aiming to promote a smooth hole
injection from the HTL into the emitting layer (EML).48 On the
other hand, 1,3,5-tris[(3-pyridyl)-phen-3-yl]benzene
(TmPyPB) was used as the electron transport layer (ETL),49

due to its excellent carrier transport capability of 1 × 10−3 cm2/
(V s) and a wide triplet energy gap (ET) of 2.78 eV. The device
with mCBP outperformed those with the other host materials.
Furthermore, given the different inherent properties of the target
compounds, we carefully regulated the thicknesses of each layer
to optimize the EL efficiency. Consequently, two series of
devices (i.e., compound 7 for device A and compound 8 for
device B) were fabricated with the following generalized
architecture: ITO/TAPC (35 nm)/TCTA (5 nm)/mCBP
doped with a certain weight percent of compound 7 or 8 (25
nm)/TmPyPB (50 nm)/LiF (1.5 nm)/Al (150 nm), where the

ITO and aluminum were respectively used as the anode and
cathode. The doping concentrations used were set to 1, 5, 10,
and 20 wt % to examine the influence of the emitter spatial
distance and device carrier balance. The materials used,
schematic architectures, and energy level diagrams of the
fabricated OLEDs are given in Figure 6.
Figure 7 shows the EL characteristics of the device series A,

featuring different doping concentrations. The corresponding
numerical data collected from the figures are summarized in
Table 3. As shown in Figure 7a, all tested devices regardless of
emitter concentration display two distinct emission bands in the
EL spectra. It is notable that the tested devices presented a
similar behavior, that is, two-peak spectral profiles, with all
screened host materials. The EL spectra of the tested devices
with different host−guest systems are shown in Figure S8. As
indicated, the emission peak at around 600 nmwas akin to those
using mCBP as a host. Accordingly, we can rule out the host
material being responsible for the origin of the peak at around
590−600 nm. In addition, the slight red shift in the emission
peak at around 495 nm with higher doping concentrations is
likely due to solvation effects. With an increase in the doping
concentration the relative intensity ratio between the emission
peaks around 495 and 590 nm increased in the favor of the latter.
Consequently, as the doping concentration is increased, the EL
color changes from bluish green to warm white. The peak at
around 495 nm was recognized as compound 7’s TADF
emission, while the 590 nm peak was preliminarily speculated to
be an excimer emission originating from compound 7’s
dimer.50,51 The observed emission with a broad spectral profile
benefits the design of high-quality WOLEDs with high color
rendering indices (CRI). With the EL spectrum of device A3
measured at a luminance of 1000 cd/m2 as an example, the CRI
and correlated color temperature (CCT) were respectively
estimated to be 83.2 and 4240 K, demonstrating compound 7’s
potential for the construction of a high-quality lighting source.52

Figure 6. (a) Structural drawings of the materials used in the OLEDs. (b) Schematic structures of the fabricated OLEDs with different emitters. (c)
Energy level diagram of the devices.
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The PL spectra of the doped films and the corresponding
lifetime measurements were obtained and are discussed later, in
order to clarify the origin of the emission.
Figure 7b,c respectively show the current density−voltage (J−

V) curves and luminance−current density (L−J) curves. As
indicated, device A3 (10 wt %) possesses the highest current
density and luminance of all the devices. The higher current
density suggests the adequate carrier transport capability of 7.
The device’s turn-on voltage (defined at a luminance of 1 cd/
m2) was also slightly decreased from 3.8 to 3.5 V as the doping
concentration increased from 1 to 10 wt %. However, excessive
doping concentrations might negatively affect the carrier
transport characteristics of the EML. The EL spectrum of
device A3 presents a dual emission consisting of a relatively
weaker 7 emission and a stronger excimer emission. Therefore,
the higher turn-on voltage might also be the result of the slightly
inferior excimer efficiency. On the other hand, the EL spectra of

all the devices presented emissions originating from compound
7, indicating that in all cases excitons formed in the EML and
energy were effectively transferred from the host to the emitter.
Hence, in comparison to the luminance at the same current
density, we speculate that the higher luminance observed in
device A3 might result from the relatively better carrier balance
and the higher current density. When the doping concentrations
exceeded 10 wt %, the carrier balance was gradually destroyed,
leading to a reduction in device luminance. The maximum
luminance of device A3 measured at 11.2 V reached 44215 cd/
m2, while that of device A4 with a higher doping concentration
of 20 wt % was lowered to 41695 cd/m2.
Similarly, the efficiency curves shown in Figures 7d−f indicate

that device A3 outperformed the devices using other doping
concentrations. The maximum external quantum efficiency
(EQE) of device A3 reached 16.5%. Clearly, the peak efficiency
of the tested devices rose with doping concentrations of 1−10 wt

Figure 7. (a) Normalized EL spectra at a luminance of 103 cd m−2, (b) current density−voltage (J−V) characteristics, (c) luminance−current density
(L−J) characteristics, (d) external quantum efficiency vs luminance, (e) luminance efficiency vs luminance, and (f) power efficiency vs luminance for
devices A1−A4.
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%and then decreased when the doping was increased to 20 wt%,
displaying an optimum range of the doping concentrations for
compound 7. At a higher practical luminance of 102 cd/m2, the
EQE values of devices A1−A4 presented efficiency drops of
30.8%, 28.5%, 2.4%, and 7.0% of their respective peak values in
comparison to those recorded at 102 cd/m2, respectively. The
mitigated efficiency rolloff obtained in devices A3 and A4 might
be attributed to the extended exciton formation zone with a
stable carrier balance, thus mitigating triplet−triplet annihilation

(TTA).53 On closer investigation of the EL spectra (see Figure
S9 in the Supporting Information), all tested devices revealed
TADF and excimer dual emissions at low operating voltages.
The excimer emission peak gradually weakened as the voltage
increased. Notably, the high efficiency of device A3 was due to
both the TADF and excimer, illustrating the adequate efficiency
of the excimer.
The device architecture of series B (compound 8) was the

same as that of series A except for the emitter, as shown in Figure

Table 3. EL Characteristics of Tested Devices with Different Emitters

device

host/emitter

mCBP/7 mCBP/8

A1 A2 A3 A4 B1 B2 B3 B4

doping concentration (wt %) 1 5 10 20 1 5 10 20
external quantum efficiency (%) 10.3 13.7 16.5 15.7 12.9 12.2 9.2 5.9

a
b 7.0 9.8 16.1 14.6 10.6 11.6 9.1 5.8

luminance efficiency (cd A−1)
a 22.7 25.9 34.1 26.0 31.5 31.9 21.7 14.8
b 15.4 18.6 33.1 25.5 25.8 30.4 21.6 13.4

power efficiency (lm W−1)
a 19.8 22.3 27.1 20.2 25.4 26.0 15.5 9.4
b 9.3 11.6 23.6 17.0 17.0 20.4 13.2 8.6

Von (V)
c 3.8 3.6 3.5 3.7 3.7 3.6 3.8 3.8

max luminance (cd m−2) [V] 13542 [12.2] 17839 [12.4] 44215 [11.2] 41695 [12.0] 35947 [11.2] 42773 [11.2] 36478 [11.6] 37183 [12.4]
CIE1931 coordinatesb (0.30, 0.41) (0.36, 0.42) (0.38, 0.42) (0.43,0.46) (0.25,0.42) (0.26,0.45) (0.30, 0.45) (0.36, 0.48)
aMaximum efficiency; bMeasured at 102 cd m−2. cTurn-on voltage measured at 1 cd m−2.

Figure 8. Photophysical properties of 20 wt % 7 doped in an mCBP host: (a) excitation and PL spectra; (b) the transient decay. Photophysical
properties of 20 wt % 8 doped in an mCBP host: (c) excitation and PL spectra; (d) the transient decay.
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6. The EL characteristics and the corresponding numeric data of
the series B devices are presented in Figure S10 and S11 and
Table 3. Figure S10a shows the EL spectra of the devices with
different doping concentrations of compound 8 recorded at
1000 cd/m2. The lack of additional emission resulting from the
host or carrier transport materials indicated an effective carrier
recombination and excellent exciton confinement. A scenario
similar to that for series A was observed for series B, where the
excimer emission increased with the doping concentration.
Nevertheless, the EL spectra revealed that the excimer emission
was negligible when the doping concentrations were less than or
equal to 5 wt %. In comparison to series A, the generalized
excimer was considerably weaker in the series B devices,
indicating that compound 8 with methyl groups at the 1,8-
positions of carbazolide provides a steric repulsion to avoid
molecular stacking.
Figure S10b shows the J−V curves. As indicated, the tested

devices exhibited similar current densities, indicating that the
doping concentrations did not significantly affect the carrier
transport. Nevertheless, the turn-on voltages of the series B
devices gradually decreased to 3.6 V when the doping
concentrations increased to 5 wt %. The turn-on voltages then
increased to 3.8 V when doping concentrations exceeded 5 wt %,
similar to the case for the series A devices. As shown in Figure
S10c, devices B1, B3, and B4 possessed similar maximum
luminances of around 36000−37000 cd/m2 while a relatively
higher value of 42773 cd/m2 was obtained in device B2.
In contrast to the efficiency parameters observed in series A,

the maximum efficiency was achieved in device B1 with the
smallest doping amount of compound 8 (i.e., 1 wt %). With
reference to Figures S10d−f, the optimized doping range of
compound 8 is from 1 to 5 wt %. As indicated, the efficiencies of
the series B devices were slightly inferior to those of series A. The
respective peak efficiencies of devices B1−B4 reached 12.9%,
12.2%, 9.2%, and 5.9%. At a higher practical luminance of 102

cd/m2, the devices B1−B4 represented efficiency drops of
17.8%, 4.9%, 1.1%, and 1.7% of their respective peak values in
comparison to those recorded at 102 cd/m2, respectively. In
comparison to the series A devices, series B exhibited
significantly mitigated efficiency rolloff, possibly due to the
superior obstruction in space, inhibiting TTA. Overall, device
doping concentrations with compounds 7 and 8 could be
carefully adjusted to regulate the carrier balance and emission,
tailoring the devices to meet specific application needs: single-
color or white emission.
A comparison between the investigated CMA compounds

and the previously reported top-performing structures in the
terms of the device performance is outlined in Table
S5.19,20,23,25,26,28,33,54 While compound 7 does not show the
highest EL efficiency, it is the only emitter that generates dual
emission with tunable intensity via varying the doping
concentration, realizing white-light emission with a single
emitter. In addition, the maximum luminance of the white-
emitting device with 7 can be as high as 44215 cd/m2, indicating
that the device has an excellent potential for lighting
applications.
Excimer Characterization. To further corroborate the

suspected excimer emission observed in the devices, two mCBP-
hosted films with 20 wt % 7 or 8 content were fabricated by
vacuum deposition to study the photodynamics in the solid
state. Parts a and c of Figure 8 respectively show the excitation
and photoluminescence (PL) spectra of films FA (compound 7)
and FB (compound 8). The PL spectrum of film FA exhibits

dual-emission peaks at around 500 and 600 nm, akin to the EL
spectrum of device A4. Thus, we separately monitored the
excitation spectra at 500 and 600 nm, aiming to distinguish the
origins of the two peaks. Nevertheless, both excitation spectra
are nearly identical, indicating the same structural origin of the
two emissive processes. In other words, the newly formed peak
at 600 nm retains the excitation profile of compound 7 and thus
can be reasonably recognized as the excimer emission.55 Parts b
and d of Figure 8 respectively show the time-resolved
photoluminescence (TRPL) measurements of films FA and
FB. The TRPL measurement of film FA was also monitored at
500 and 600 nm. Interestingly, in comparison to measurements
in diluted PMMA films, where the decay was predominantly
monoexponential, the curves present a three-component decay,
including a nanosecond-scale prompt term and two micro-
second-scale delayed components. The fitting results are
collected in Table S6. The prompt component of the lifetime
(tp) monitored at 500 nm was 2.74 ns, while the two delayed
terms (td) were evaluated as 0.282 and 0.754 μs. For the 600 nm
case, the respective tp and td values were estimated to be 3.85 ns,
0.497 μs, and 1.875 μs. Although the measurements at 500 and
600 nm cannot strictly distinguish between monomer and
excimer emissions, the significant difference in PL lifetimes
affirm that the emission at each respective wavelength originates
from a separate excited entity.55 In contrast, the PL spectrum of
film FB presents only a single peak (cf. Figure 8c), indicating a
weaker excimer formation by photopumping. The lifetimes tp
and td of film FB monitored at 500 nm were respectively
estimated to be 2.28 ns, 0.111 μs, and 0.424 μs. Clearly, the
delayed terms (td) of 8 were shorter than those of 7, which
facilitates the fast relaxation of the excited state, thereby
reducing the efficiency rolloff, as seen for the series B devices.
Only a few reports have attributed excimer formation to

Cu(I)-based CMAs or closely related structures, where this
phenomenon was observed in either doped films or
solutions.20,56 Practical EL from excimers, however, until now
has not been reported among the class of Cu organometallic
complexes. From a structural point of view, the more
pronounced excimer formation tendency of thiazoline-based
CMAs seems logical, as the lack of a bulky substituent at the
sulfur atom differentiates this structure from its counterparts,
which feature two isolating groups at each side of the carbene-
forming carbon. In such way face to face close contacts are more
likely to take place.
The relationship between the degree of steric encumbrance of

the CMA emitter and its excimer formation tendency can be
clearly seen among the investigated series of compounds. PL
measurements of crystalline powders of complexes 1−4, 7, and 8
(samples 5 and 6 were not emissive) are given in Figure 9a. The
PL band placement of the crystalline samples in almost all cases
is close to that observed in solution or the diluted PMMA films
(Figure 3c,d). The only exception is the benzene-grown crystal
polymorph of complex 3, which shows a substantial emission
band red shift with a maximum at 570 nm. Subsequent PL
measurements in highly concentrated (50 wt %) PMMA films
(Figure 9b) relate this red-shifted band to the excimer emission,
as the sample containing complex 3 exhibits two PL bands, a
weaker band at approximately at 500 nm, attributed tomonomer
emission, and a stronger band at 560 nm, originating from an
exciplex. As in the case of the previously examined mCBP-
hosted samples, the PL lifetime of the red-shifted emission band
(560 nm) is about 2-fold longer than that for the emission at 500
nm (Figure S12). In contrast, complex 4, which features a
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bulkier 1,8-dimethylcarbazole donor fragment, exhibits only
monomer emission. Such a relation can be seen for the rest of the
compound series (Figure S13), where the introduction of bulky
substituents at the carbazolide leads to the disappearance of the
excimer emission band (see PL bands 1 vs 2 and 5 vs 6). This
clearly illustrates that the steric shielding of the complex surface
obstructs the formation of emissive dimers. In such a context it is
not surprising that the most pronounced excimer formation is
observed for complex 3, which, in addition to the unsubstituted
carbazole donor, is composed of a 1,3-thiazoline acceptor with
the smallest methyl substituents.
Neither crystals nor concentrated PMMA films of compounds

7 and 8 show notable signs of excimer emission. This can be
explained by the more pronounced steric shielding of the
molecules, due to the presence of themassive tert-butyl groups at
the carbazole moiety. In contrast to the previously discussed
vacuum-deposited samples, no excimer formation was evident in
solution-processedmCBP films of 7 (20 wt %) (Figure S14). On
this basis, we speculate that the excimer formation for 7 and 8 is
aided by vacuum deposition, which may facilitate specific
packing patterns and enable formation of emissive dimers

despite the presence of the bulkier substituents. The tendency of
formation of alternatively emissive polymorphs among the
investigated emitter class is demonstrated in the case of complex
3, for which THF/pentane-grown crystals show a PL band with
a maximum at 500 nm, characteristic of monomer emission
(Figure S15), in contrast to the previously discussed excimer-
forming polymorph obtained from benzene (Figure 9a).
The planar geometry and reduced steric encumbrance relate

the structures of the studied thiazoline CMA emitters to square-
planar-coordinated Pt(II) complexes, a compound class that is
well-known for its excimer formation ability.57 Such a property
of Pt(II) emitters is frequently exploited to construct excimer-
based single-emitter WOLEDs.36,37,58−60 It is evident that the
performance level of our presented device A3 is comparable to
that of the aforementioned examples. In addition to the use of
much cheaper Cu metal atoms, thiazaoline-based CMA emitters
provide a potential benefit in the form of improved device CRI,
as EL originates from wide overlapping emission bands of the
monomer and excimer, whereas monomer emission in the case
of Pt(II) complexes often has a narrower and structured
emission band profile.

■ CONCLUSIONS
We have demonstrated that 1,3-thiazoline carbenes can be
successfully used as building blocks for efficient CMAs, yielding
emitters with ΦPL values of up to 0.86. With the structural
modification of the attached carbazolide the emission color of
the compounds can be varied from bluish green to green.
Similarly to other knownCMA emitters the emissivemechanism
is attributed to the TADF process. The radiative rates of the
compounds are relatively high and vary in the range of (2.8−7.2)
× 105 s−1. X-ray structural analysis and DFT modeling relate the
kr increase among the investigated structural derivatives to the
conformational locking of the carbazolide, which increases the
coplanarity between the constituting fragments involved in the
charge transfer process. This effect can be induced by a
simultaneous attachment of bulky substituents at the carbene
and carbazolide ring systems. The compounds possess a
sufficient chemical stability for vacuum deposition and
subsequent OLED integration. Together with the known
structures featuring CAAC or MAC carbenes, this makes 1,3-
thiazoline-based emitters the third example of copper-
containing CMAs with a demonstrated OLED use.
For the first time among the compound class of organo-

metallic copper complexes we have observed an efficient excimer
electroluminescence. From a structural point of view this can be
attributed to the reduced steric encumbrance of the 1,3-
thiazoline-based complex surface, which allows closer solid-state
molecular packing in comparison to the previously investigated
CMA designs. At an optimal emitter concentration the devices
based on emitter 7 showed a dual emission from monomers and
excimers, producing single-emitter white color emission, with an
EQE value of up to 16.5%. With the attained performance level
being comparable to that of Pt(II) complex-based single-emitter
WOLEDs, these results illustrate the prospects of copper-based
materials as highly cost effective emitters for lighting devices.

■ EXPERIMENTAL SECTION
Synthesis and Characterization. All procedures involving the

synthesis and purification of N-heterocyclic carbenes (NHC)
derivatives were carried out under an inert atmosphere using Schlenk
techniques. Unless specified otherwise, the materials and solvents used
were purchased from commercial suppliers. Solvents (hexane, pentane,

Figure 9. PL bands of crystalline powders of complexes 1−4, 7, and 8
(a). PL bands of PMMA doped (50 wt %) films containing emitters 3
and 4 (b). Insets show photographs of the corresponding UV (365
nm)-irradiated samples.
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chlorobenzene, benzene, toluene, and acetonitrile) were distilled over
CaH2 and stored over molecular sieves (4 Å). Dry, air-free THF was
distilled over K/benzophenone under N2 prior to use. CDCl3 was
distilled over K2CO3 and stored over molecular sieves (4 Å). The
starting compounds 9, 11, and 1338 and 1,8-dimethylcarbazole61 were
prepared by following the procedures described in the literature. NMR
spectra were obtained on a Bruker Avance 300MHz spectrometer using
solvent residual signals as an internal reference (CDCl3,

1H δ 7.26 and
13C δ 77.16; C6D6,

1H δ 7.16 and 13C δ 128.06). Elemental analysis was
performed using a Costech Instruments ECS 4010 CHNS-O Elemental
Combustion System. Decomposition temperatures were obtained
using a PerkinElmer STA 6000 thermal analyzer.
General Method for Synthesis of Complexes 1−8. The

synthesis and purification of complexes 1−5, 7, and 8 was carried out
using dry, deoxygenated solvents (THF, hexane, and benzene). The
carbazole (1,8-dimethylcarbazole, 3,6-di-tert-butylcarbazole, or 3,6-di-
tert-butyl-1,8-dimethylcarbazole) and KOtBu were dissolved in THF
and stirred for 30 min under an argon atmosphere. Then a THF
solution of NHC-Cu-Cl was added dropwise via a syringe to the
solution of the carbazole amide. The resulting mixture was stirred for 3
h at room temperature under an argon atmosphere and then filtered
through a pad of Celite into hexane (approximately 200 mL) to
precipitate the product. The resulting mixture was filtered to afford the
product as a solid. Complexes 1−5 were recrystallized from benzene.
Compound 1. A solution of carbazole (0.161 g, 0.96 mmol) and

KOtBu (0.108 g, 0.96 mmol) in THF (5 mL) and a solution of 10
(0.350 g, 0.88 mmol) in THF (13 mL) were used. Yield: 0.25 g (54%),
white solid (after recrystallization from benzene). Crystals suitable for
X-ray diffraction analysis were obtained by layering a solution of THF
with pentane. 1H NMR δ(H) (CDCl3, 300 MHz): 8.00 (d, J = 7.6 Hz,
2H), 7.66 (t, J = 7.8 Hz, 1H), 7.43 (d, J = 7.8 Hz, 2H), 7.14 (t, J = 7.5
Hz, 2H), 7.01−6.86 (m, 4H), 2.92−2.83 (m, 2H), 2.32−2.20 (m, 4H),
1.96−1.80 (m, 4H), 1.28−1.17 (m, 12H). 13C NMR δ(C) (CDCl3,
75.47 MHz): 202.74, 150.12, 145.24, 143.91, 136.95, 133.10, 130.93,
125.07, 124.36, 123.39, 119.56, 115.39, 114.57, 28.75, 25.37, 24.32,
23.87, 23.37, 22.23, 21.71. Anal. Calcd for C31H33CuN2S: C, 70.36; H,
6.29; Cu, 12.01; N, 5.29; S, 6.06. Found: C, 70.49; H, 6.36; N, 5.36.
Compound 2. A solution of 1,8-dimethylcarbazole (0.120 g, 0.61

mmol) and KOtBu (0.069 g, 0.61 mmol) in THF (3mL) and a solution
of 10 (0.222 g, 0.56 mmol) in THF (8 mL) were used. Yield: 0.21 g
(68%), white solid (after recrystallization from benzene). Crystals
suitable for X-ray diffraction analysis were obtained by layering a
solution of THF with pentane. 1H NMR δ(H) (CDCl3, 300 MHz):
7.95 (d, J = 7.5 Hz, 2H), 7.60 (t, J = 7.8 Hz, 1H), 7.38 (d, J = 7.8 Hz,
2H), 7.10−7.03 (m, 2H), 6.96 (t, J = 7.3 Hz, 2H), 2.90−2.82 (m, 2H),
2.58 (s, 6H), 2.36−2.21 (m, 4H), 1.95−1.79 (m, 4H), 1.28−1.14 (m,
12H). 13C NMR δ(C) (CDCl3, 75.47 MHz): 148.92, 144.72, 144.25,
136.87, 133.05, 130.98, 125.17, 124.88, 124.48, 122.01, 117.55, 115.60,
28.69, 25.26, 24.60, 23.84, 23.58, 22.28, 21.76, 21.15. Anal. Calcd for
C33H37CuN2S: C, 71.12; H, 6.69; Cu, 11.40; N, 5.03; S, 5.75. Found: C,
71.19; H, 6.79; N, 5.07.
Compound 3. A solution of carbazole (0.172 g, 1.03 mmol) and

KOtBu (0.116 g, 1.03 mmol) in THF (5 mL) and a solution of 12
(0.350 g, 0.94 mmol) in THF (20 mL) were used Yield: 0.14 g (30%),
white solid (after recrystallization from benzene). Crystals suitable for
X-ray diffraction analysis were obtained by layering a solution of THF
with pentane. 1H NMR δ(H) (CDCl3, 300 MHz): 8.03 (d, J = 7.6 Hz,
2H), 7.69 (t, J = 7.7 Hz, 1H), 7.46 (d, J = 7.8 Hz, 2H), 7.17 (t, J = 7.5
Hz, 2H), 7.02−6.89 (m, 4H), 2.42 (s, 3H), 2.27 (hept, J = 6.8 Hz, 2H),
2.04 (s, 3H), 1.31−1.17 (m, 12H). 13C NMR δ(C) (CDCl3, 75.47
MHz): 202.58, 150.12, 145.18, 141.41, 138.06, 130.96, 130.67, 125.15,
124.35, 123.38, 119.55, 115.39, 114.58, 28.72, 25.35, 23.37, 12.62,
12.25. Anal. Calcd for C29H31CuN2S: C, 69.22; H, 6.21; Cu, 12.63; N,
5.57; S, 6.37. Found: C, 69.47; H, 6.17; N, 5.74.
Compound 4. A solution of 1,8-dimethylcarbazole (0.202 g, 1.03

mmol) and KOtBu (0.116 g, 1.03 mmol) in THF (5mL) and a solution
of 12 (0.350 g, 0.94 mmol) in THF (20 mL) were used. Yield: 0.20 g
(40%), white solid (after recrystallization from benzene). Crystals
suitable for X-ray diffraction analysis were obtained by layering a
solution of THF with pentane. 1H NMR δ(H) (CDCl3, 300 MHz):

7.96 (d, J = 7.6 Hz, 2H), 7.61 (t, J = 7.8 Hz, 1H), 7.39 (d, J = 7.8 Hz,
2H), 7.12−7.05 (m, 2H), 7.01−6.93 (m, 2H), 2.57 (s, 6H), 2.45 (s,
3H), 2.28 (hept, J = 6.5 Hz, 2H), 2.02 (s, 3H), 1.27−1.17 (m, 12H).
13C NMR δ(C) (CDCl3, 75.47 MHz): 148.91, 144.66, 141.72, 137.94,
131.01, 130.58, 125.23, 124.86, 124.48, 122.01, 117.54, 115.59, 28.66,
25.23, 23.55, 21.13, 12.61, 12.54. Anal. Calcd for C31H35CuN2S: C,
70.09; H, 6.64; Cu, 11.96; N, 5.27; S, 6.04. Found: C, 70.16; H, 6.68; N,
5.31.

Compound 5. A solution of carbazole (0.148 g, 0.88 mmol) and
KOtBu (0.099 g, 0.88 mmol) in THF (5 mL) and a solution of 14
(0.350 g, 0.81 mmol) in THF (15 mL) were used. Yield: 0.26 g (57%),
white solid (after recrystallization from benzene). Crystals suitable for
X-ray diffraction analysis were obtained by layering a solution of THF
with pentane. 1H NMR δ(H) (CDCl3, 300 MHz): 8.02 (d, J = 7.6 Hz,
2H), 7.54 (t, J = 7.8 Hz, 1H), 7.41−7.23 (m, 5H), 7.21−7.05 (m, 4H),
7.03−6.89 (m, 4H), 2.50−2.36 (m, 5H), 1.33 (d, J = 6.7 Hz, 6H), 1.10
(d, J = 6.8 Hz, 6H). 13C NMR δ(C) (CDCl3, 75.47 MHz): 203.53,
150.09, 146.31, 145.25, 138.34, 133.26, 130.78, 130.26, 129.90, 128.66,
128.04, 124.69, 124.37, 123.39, 119.57, 115.40, 114.59, 28.98, 26.37,
22.63, 13.23. Anal. Calcd for C34H33CuN2S: C, 72.24; H, 5.88; Cu,
11.24; N, 4.96; S, 5.67. Found: C, 72.24; H, 6.04; N, 5.04.

Compound 6. 1,8-Dimethylcarbazole (0.248 g, 1.27 mmol) and
KOtBu (0.142 g, 1.27 mmol) were dissolved in a dry THF (15 mL) and
stirred for 30 min under an argon atmosphere. Then a THF (40 mL)
solution of 14 (0.50 g, 1.15 mmol) was added dropwise via syringe to a
solution of carbazole amide. After approximately 5 min precipitation of
the product was observed. The resulting mixture was stirred for 3 h at
room temperature under an argon atmosphere and then filtered to offer
the crude product as a solid. The crude product was purified by
recrystallization from chlorobenzene and washed with dry THF. Yield:
0.35 g (51%), white solid. 1HNMR δ(H) (CDCl3, 300MHz): 7.94 (d, J
= 7.6 Hz, 2H), 7.47 (t, J = 8.0 Hz, 1H), 7.36−7.30 (m, 3H), 7.24−7.18
(m, 2H), 7.14−7.02 (m, 4H), 6.95 (t, J = 7.4 Hz, 2H), 2.65−2.53 (m,
6H), 2.50−2.37 (m, 5H), 1.29 (d, J = 6.7 Hz, 6H), 1.05 (d, J = 6.8 Hz,
6H). 13C NMR data were not obtained due to the low solubility of the
product in CDCl3. Anal. Calcd for C36H37CuN2S: C, 72.88; H, 6.29;
Cu, 10.71; N, 4.72; S, 5.40. Found: C, 72.34; H, 6.47; N, 4.56.

Compound 7. A solution of 3,6-di-tert-butylcarbazole (0.281 g, 1.01
mmol) and KOtBu (0.113 g, 1.01 mmol) in THF (15 mL) and a
solution of 14 (0.400 g, 0.92 mmol) in THF (20 mL) were used Yield:
0.30 g (48%), greenish yellow solid. 1H NMR δ(H) (C6D6, 300 MHz):
8.47 (s, 2H), 7.59 (d, J = 8.0 Hz, 2H), 7.30−7.23 (m, 2H), 6.93 (d, J =
7.6 Hz, 2H), 6.86−6.67 (m, 6H), 2.34 (hept, J = 6.5 Hz, 2H), 1.57 (s,
18H), 1.42−1.32 (m, 9H), 0.86 (d, J = 6.3 Hz, 3H). 13C NMR δ(C)
(C6D6, 75.47 MHz): 203.70, 149.70, 145.81, 145.40, 138.60, 138.09,
133.60, 130.92, 130.31, 129.59, 125.55, 124.85, 121.61, 116.20, 114.55,
34.81, 32.73, 29.11, 26.32, 22.55, 12.04. Anal. Calcd for C42H49CuN2S:
C, 74.46; H, 7.29; Cu, 9.38; N, 4.14; S, 4.73. Found: C, 74.06; H, 7.22;
N, 4.15.

Compound 8. A solution of 3,6-di-tert-butyl-1,8-dimethylcarbazole
(0.309 g, 1.00 mmol) and KOtBu (0.113 g, 1.01 mmol) in THF (15
mL) and a solution of 14 (0.400 g, 0.92 mmol) in THF (20 mL) were
used Yield: 0.50 g (77%), yellow solid. Crystals suitable for X-ray
diffraction analysis were obtained by layering a solution of THF with
pentane. 1H NMR δ(H) (C6D6, 300 MHz): 8.44 (s, 2H), 7.54 (s, 2H),
7.06 (t, J = 7.8 Hz, 1H), 6.85−6.77 (m, 5H), 6.72−6.66 (m, 2H), 2.85
(s, 6H), 2.28 (hept, J = 6.8 Hz, 2H), 1.65−1.54 (m, 21H), 1.22 (d, J =
6.7 Hz, 6H), 0.78 (d, 6.8 Hz, 6H). 13CNMR δ(C) (C6D6, 75.47MHz):
205.50, 148.61, 146.20, 144.80, 138.47, 138.28, 133.18, 131.00, 130.31,
129.59, 126.11, 124.97, 123.16, 121.07, 114.29, 34.73, 32.75, 29.06,
26.20, 22.79, 22.08, 12.32. Anal. Calcd for C44H53CuN2S: C, 74.91; H,
7.57; Cu, 9.01; N, 3.97; S, 4.54. Found: C, 74.87; H, 7.58; N, 4.14.

X-ray Crystallography. Single crystals of 1−5 and 8ware obtained
by layering the corresponding THF solutions with pentane. Crystallo-
graphic diffraction data were collected with a Rigaku XtaLAB Synergy,
Dualflex, HyPix diffractometer (Cu Kα, λ = 1.54184 Å) equipped with a
low-temperature Oxford Cryosystems Cryostream Plus device. The
crystal structures were solved by direct methods with the ShelXT62

structure solution program using an intrinsic phasing solution method.
The crystal structures of 1 and 3 were refined with the SHELXL63
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refinement package using least-squares minimization. All of the other
crystal structures were refined with a version of the program
olex2.refine64 using Levenberg−Marquardt minimization (for the
structure of 2 using Gauss−Newton minimization). All calculations
were performed with Olex2 software.65 Table S1 gives the main crystal
data for these compounds. Crystallographic data for 1−5 and 8 are
deposited at the Cambridge Crystallographic Data Centre as the
corresponding supplementary publications CCDC 2114050, 2114049,
2114046, 2114047, 2114048, and 2114045. Copies of the data can be
obtained, free of charge, on application to the CCDC, 12 Union Road,
Cambridge CB2 1EZ, U.K.
Cyclic Voltammetry Measurements. Cyclic voltammetry meas-

urements were performed with a PARSTAT 2273 potentiostat.
Electrochemical redox reactions were performed in anhydrous
acetonitrile solutions under an Ar atmosphere using 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF6) as the support-
ing electrolyte. The measurements were carried out using a three-
electrode cell configuration. A stationary glassy-carbon disk (Ø 0.5 cm)
was used as the working electrode, Pt wire as the auxiliary electrode, and
silver wire as the pseudoreference electrode.
Photophysical Measurements. UV−vis absorption and PL

measurements in solution were carried with a material concentration
of 1 × 10−5 mol L−1. Solutions for ΦPL and emission decay
measurements were prepared in a glovebox under an Ar atmosphere
using moisture-free and previously degassed solvents. PMMA films for
optical measurements were prepared from chlorobenzene solutions (30
mg/mLmaterial concentration) using a drop-casting method. After the
deposition of the solution on glass slides the samples were immediately
placed in a preheated oven and dried for 2 h at 80 °C. The UV−vis
spectra were recorded with a PerkinElmer Lambda 35 spectrometer.
Depending on the nature of the experiment, photoluminescence
properties were measured on two different spectroscopic systems.
Emission spectra, ΦPL, and PL lifetimes for solution and thin films at
room temperature, as well as PL spectra, time-resolved measurements,
and PL lifetimes at 77 K (in a liquid-nitrogen-filled quartz Dewar), were
measured with a QuantaMaster 40 spectrofluorometer (Photon
Technology International, Inc.). Room-temperature PL measurements
for doped films were carried out under an N2 atmosphere. A 375 nm
laser with a 60 ps pulse width and tunable repetition rate (between 1
mHz and 50 kHz) was used for the fast (nanosecond−microsecond
range) kinetics measurements. A steady-state and pulsed (3 μs pulse
width) xenon lamp was used for steady-state and millisecond kinetics
measurements. The excitation source for temperature-dependent (10−
300 K) photoluminescence measurements in a helium cryostat was a
tunable Ekspla NT 342/3UV laser with a repetition rate of 10 Hz and 5
ns pulse width. Photoluminescence spectra and PL decays were
obtained with a PMT apparatus attached to an Andor monochromator.
To acquire ΔEST values, PL lifetimes of compound 8, measured in

the temperature interval 310−10 K, were fitted against a modified
Boltzmann equation41
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where kB is the Boltzmann constant, τT1
is the decay time of the emitting

triplet state, τS1, is the decay time of the emitting singlet state, and
ΔE(S1−T1) is the energy gap between the S1 and T1 states.
OLED Preparation and Characterization. Organic materials

purchased from Shine Materials Technology were subjected to
temperature-gradient sublimation under high vacuum before use.
After a routine cleaning procedure of ultrasonication of the ITO-coated
glass in deionized water and organic solvents, the ITO substrate was
pretreated with plasma for 5 min. The organic and metal layers were
deposited by thermal evaporation in a vacuum chamber with a base
pressure of <10−6 Torr. Device fabrication was completed in a single
cycle without breaking the vacuum. The deposition rates of organic
materials and aluminum were respectively kept at around 0.1 and 0.5
nm s−1. The active area was defined by a shadow mask (2 × 2 mm2).

Current density−voltage−luminance characterization was done using
two Keysight B2901A current source-measure units equipped with a
calibrated Si photodiode. The electroluminescent spectra of the devices
were recorded using an Ocean Optics spectrometer (Ocean Optics
2000).
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(31) Lüdtke, N.; Föller, J.; Marian, C. M. Understanding the
Luminescence Properties of Cu Complexes: A Quantum Chemical
Perusal. Phys. Chem. Chem. Phys. 2020, 22 (41), 23530−23544.
(32) Chotard, F.; Sivchik, V.; Linnolahti, M.; Bochmann, M.;
Romanov, A. S. Mono- versus Bicyclic Carbene Metal Amide
Photoemitters: Which Design Leads to the Best Performance? Chem.
Mater. 2020, 32 (14), 6114−6122.
(33) Ying, A.; Huang, Y.-H.; Lu, C.-H.; Chen, Z.; Lee,W.-K.; Zeng, X.;
Chen, T.; Cao, X.; Wu, C.-C.; Gong, S.; Yang, C. High-Efficiency Red
Electroluminescence Based on a Carbene−Cu(I)−Acridine Complex.
ACS Appl. Mater. Interfaces 2021, 13 (11), 13478−13486.
(34) Hamze, R.; Idris, M.; Muthiah Ravinson, D. S.; Jung, M. C.;
Haiges, R.; Djurovich, P. I.; Thompson, M. E. Highly Efficient Deep
Blue Luminescence of 2-Coordinate CoinageMetal Complexes Bearing
Bulky NHC Benzimidazolyl Carbene. Front. Chem. 2020, 8, 1.
(35) Yang, J.-G.; Song, X.-F.; Wang, J.; Li, K.; Chang, X.; Tan, L.-Y.;
Liu, C.-X.; Yu, F.-H.; Cui, G.; Cheng, G.; To, W.-P.; Yang, C.; Che, C.-
M.; Chen, Y. Highly Efficient Thermally Activated Delayed
Fluorescence from Pyrazine-Fused Carbene Au(I) Emitters. Chem. -
Eur. J. 2021, 27, 17834.
(36) Fleetham, T.; Ecton, J.;Wang, Z.; Bakken, N.; Li, J. Single-Doped
White Organic Light-Emitting Device with an External Quantum
Efficiency Over 20%. Adv. Mater. 2013, 25 (18), 2573−2576.
(37) Cocchi, M.; Kalinowski, J.; Virgili, D.; Fattori, V.; Develay, S.;
Williams, J. A. G. Single-Dopant OrganicWhite Electrophosphorescent
Diodes with Very High Efficiency and Its Reduced Current Density
Roll-Off. Appl. Phys. Lett. 2007, 90 (16), 163508.
(38) Piel, I.; Pawelczyk, M. D.; Hirano, K.; Fröhlich, R.; Glorius, F. A
Family of Thiazolium Salt Derived N-Heterocyclic Carbenes (NHCs)
for Organocatalysis: Synthesis, Investigation and Application in Cross-
Benzoin Condensation. Eur. J. Org. Chem. 2011, 2011 (28), 5475−
5484.
(39) Li, T.; Muthiah Ravinson, D. S.; Haiges, R.; Djurovich, P. I.;
Thompson, M. E. Enhancement of the Luminescent Efficiency in
Carbene-Au (I) -Aryl Complexes by the Restriction of Renner−Teller
Distortion and Bond Rotation. J. Am. Chem. Soc. 2020, 142 (13), 6158−
6172.
(40) Eng, J.; Thompson, S.; Goodwin, H.; Credgington, D.; Penfold,
T. J. Competition between the Heavy Atom Effect and Vibronic
Coupling in Donor−Bridge−Acceptor Organometallics. Phys. Chem.
Chem. Phys. 2020, 22 (8), 4659−4667.
(41) Czerwieniec, R.; Yu, J.; Yersin, H. Blue-Light Emission of Cu(I)
Complexes and Singlet Harvesting. Inorg. Chem. 2011, 50 (17), 8293−
8301.
(42) Föller, J.; Marian, C. M. Rotationally Assisted Spin-State
Inversion in Carbene−Metal−Amides Is an Artifact. J. Phys. Chem. Lett.
2017, 8 (22), 5643−5647.
(43) Marcus, R. A. Electron Transfer Reactions in Chemistry. Theory
and Experiment. Rev. Mod. Phys. 1993, 65 (3), 599−610.
(44) O’Brien, D. F.; Baldo, M. A.; Thompson, M. E.; Forrest, S. R.
Improved Energy Transfer in Electrophosphorescent Devices. Appl.
Phys. Lett. 1999, 74 (3), 442−444.
(45) Gong, S.; He, X.; Chen, Y.; Jiang, Z.; Zhong, C.; Ma, D.; Qin, J.;
Yang, C. Simple CBP Isomers with High Triplet Energies for Highly
Efficient Blue Electrophosphorescence. J. Mater. Chem. 2012, 22 (7),
2894−2899.
(46) Holmes, R. J.; Forrest, S. R.; Tung, Y.-J.; Kwong, R. C.; Brown, J.
J.; Garon, S.; Thompson, M. E. Blue Organic Electrophosphorescence
Using Exothermic Host−Guest Energy Transfer. Appl. Phys. Lett. 2003,
82 (15), 2422−2424.
(47) Xu, H.; Wang, L.-H.; Zhu, X.-H.; Yin, K.; Zhong, G.-Y.; Hou, X.-
Y.; Huang,W. Application of Chelate Phosphine Oxide Ligand in Eu III
Complex with Mezzo Triplet Energy Level, Highly Efficient Photo-
luminescent, and Electroluminescent Performances. J. Phys. Chem. B
2006, 110 (7), 3023−3029.

(48) Yi, R.; Liu, G.; Luo, Y.; Wang, W.; Tsai, H.; Lin, C.; Shen, H.;
Chang, C.; Lu, C. Dicyano-Imidazole: A Facile Generation of Pure Blue
TADF Materials for OLEDs. Chem. - Eur. J. 2021, 27 (51), 12998−
13008.
(49) Ye, H.; Chen, D.; Liu, M.; Su, S.-J.; Wang, Y.-F.; Lo, C.-C.; Lien,
A.; Kido, J. Pyridine-Containing Electron-Transport Materials for
Highly Efficient Blue Phosphorescent OLEDs with Ultralow Operating
Voltage and Reduced Efficiency Roll-Off. Adv. Funct. Mater. 2014, 24
(21), 3268−3275.
(50) Wu, J.; Ameri, L.; Cao, L.; Li, J. Efficient Excimer-Based White
OLEDs with Reduced Efficiency Roll-Off. Appl. Phys. Lett. 2021, 118
(7), 073301.
(51) Pander, P.; Zaytsev, A. V.; Sil, A.; Williams, J. A. G.; Lanoe, P.-H.;
Kozhevnikov, V. N.; Dias, F. B. The Role of Dinuclearity in Promoting
Thermally Activated Delayed Fluorescence (TADF) in Cyclometal-
lated, N∧C∧N-Coordinated Platinum Complexes. J. Mater. Chem. C
2021, 9 (32), 10276−10287.
(52) Liao, J.-L.; Chi, Y.; Su, Y.-D.; Huang, H.-X.; Chang, C.-H.; Liu, S.-
H.; Lee, G.-H.; Chou, P.-T. Os Metal Phosphors Bearing Tridentate
2,6-Di(Pyrazol-3-Yl)Pyridine Chelate: Synthetic Design, Character-
ization and Application in OLED Fabrication. J. Mater. Chem. C 2014, 2
(31), 6269.
(53) Baldo, M. A.; Adachi, C.; Forrest, S. R. Transient Analysis of
Organic Electrophosphorescence. II. Transient Analysis of Triplet-
Triplet Annihilation. Phys. Rev. B 2000, 62 (16), 10967−10977.
(54) Cho, H.; Romanov, A. S.; Bochmann, M.; Greenham, N. C.;
Credgington, D. Matrix-Free Hyperfluorescent Organic Light-Emitting
Diodes Based on Carbene−Metal−Amides. Adv. Opt. Mater. 2021, 9
(5), 2001965.
(55) Birks, J. B. Excimers. Rep. Prog. Phys. 1975, 38 (8), 903−974.
(56) Hamze, R.; Jazzar, R.; Soleilhavoup, M.; Djurovich, P. I.;
Bertrand, G.; Thompson, M. E. Phosphorescent 2-, 3- and 4-
Coordinate Cyclic (Alkyl)(Amino)Carbene (CAAC) Cu Complexes.
Chem. Commun. 2017, 53 (64), 9008−9011.
(57) Li, K.; Ming Tong, G. S.; Wan, Q.; Cheng, G.; Tong, W.-Y.; Ang,
W.-H.; Kwong, W.-L.; Che, C.-M. Highly Phosphorescent Platinum
Emitters: Photophysics, Materials and Biological Applications. Chem.
Sci. 2016, 7 (3), 1653−1673.
(58) Williams, E. L.; Haavisto, K.; Li, J.; Jabbour, G. E. Excimer-Based
White Phosphorescent Organic Light-Emitting Diodes with Nearly
100% Internal QuantumEfficiency.Adv.Mater. 2007, 19 (2), 197−202.
(59) Kui, S. C. F.; Chow, P. K.; Tong, G. S. M.; Lai, S.-L.; Cheng, G.;
Kwok, C.-C.; Low, K.-H.; Ko, M. Y.; Che, C.-M. Robust
Phosphorescent Platinum(II) Complexes Containing Tetradentate
O∧N∧C∧N Ligands: Excimeric Excited State and Application in
Organic White-Light-Emitting Diodes. Chem. - Eur. J. 2013, 19 (1),
69−73.
(60) Li, G.; Fleetham, T.; Li, J. Efficient and Stable White Organic
Light-Emitting Diodes Employing a Single Emitter. Adv. Mater. 2014,
26 (18), 2931−2936.
(61) Bedford, R. B.; Betham, M. N -H Carbazole Synthesis from 2-
Chloroanilines via Consecutive Amination and C−HActivation. J. Org.
Chem. 2006, 71 (25), 9403−9410.
(62) Sheldrick, G. M. SHELXT − Integrated Space-Group and
Crystal-Structure Determination. Acta Crystallogr. Sect. A Found. Adv.
2015, 71 (1), 3−8.
(63) Sheldrick, G.M. A Short History of SHELX.Acta Crystallogr. Sect.
A Found. Crystallogr. 2008, 64 (1), 112−122.
(64) Bourhis, L. J.; Dolomanov, O. V.; Gildea, R. J.; Howard, J. A. K.;
Puschmann, H. The Anatomy of a Comprehensive Constrained,
Restrained Refinement Program for the Modern Computing Environ-
ment − Olex2 Dissected. Acta Crystallogr. Sect. A Found. Adv. 2015, 71
(1), 59−75.
(65) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.;
Puschmann, H. OLEX2 : A Complete Structure Solution, Refinement
and Analysis Program. J. Appl. Crystallogr. 2009, 42 (2), 339−341.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c00847
ACS Appl. Mater. Interfaces 2022, 14, 15478−15493

15493

https://doi.org/10.1039/C9SC04589A
https://doi.org/10.1039/C9SC04589A
https://doi.org/10.1039/C9SC04589A
https://doi.org/10.1039/D0CP04654J
https://doi.org/10.1039/D0CP04654J
https://doi.org/10.1039/D0CP04654J
https://doi.org/10.1021/acs.chemmater.0c01769?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c01769?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c22109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c22109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fchem.2020.00401
https://doi.org/10.3389/fchem.2020.00401
https://doi.org/10.3389/fchem.2020.00401
https://doi.org/10.1002/chem.202102969
https://doi.org/10.1002/chem.202102969
https://doi.org/10.1002/adma.201204602
https://doi.org/10.1002/adma.201204602
https://doi.org/10.1002/adma.201204602
https://doi.org/10.1063/1.2722675
https://doi.org/10.1063/1.2722675
https://doi.org/10.1063/1.2722675
https://doi.org/10.1002/ejoc.201100870
https://doi.org/10.1002/ejoc.201100870
https://doi.org/10.1002/ejoc.201100870
https://doi.org/10.1002/ejoc.201100870
https://doi.org/10.1021/jacs.9b13755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b13755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b13755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CP06999B
https://doi.org/10.1039/C9CP06999B
https://doi.org/10.1021/ic200811a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic200811a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02701?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02701?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/RevModPhys.65.599
https://doi.org/10.1103/RevModPhys.65.599
https://doi.org/10.1063/1.123055
https://doi.org/10.1039/C1JM14903B
https://doi.org/10.1039/C1JM14903B
https://doi.org/10.1063/1.1568146
https://doi.org/10.1063/1.1568146
https://doi.org/10.1021/jp055355p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp055355p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp055355p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202101807
https://doi.org/10.1002/chem.202101807
https://doi.org/10.1002/adfm.201303785
https://doi.org/10.1002/adfm.201303785
https://doi.org/10.1002/adfm.201303785
https://doi.org/10.1063/5.0043955
https://doi.org/10.1063/5.0043955
https://doi.org/10.1039/D1TC02562G
https://doi.org/10.1039/D1TC02562G
https://doi.org/10.1039/D1TC02562G
https://doi.org/10.1039/C4TC00865K
https://doi.org/10.1039/C4TC00865K
https://doi.org/10.1039/C4TC00865K
https://doi.org/10.1103/PhysRevB.62.10967
https://doi.org/10.1103/PhysRevB.62.10967
https://doi.org/10.1103/PhysRevB.62.10967
https://doi.org/10.1002/adom.202001965
https://doi.org/10.1002/adom.202001965
https://doi.org/10.1088/0034-4885/38/8/001
https://doi.org/10.1039/C7CC02638B
https://doi.org/10.1039/C7CC02638B
https://doi.org/10.1039/C5SC03766B
https://doi.org/10.1039/C5SC03766B
https://doi.org/10.1002/adma.200602174
https://doi.org/10.1002/adma.200602174
https://doi.org/10.1002/adma.200602174
https://doi.org/10.1002/chem.201203687
https://doi.org/10.1002/chem.201203687
https://doi.org/10.1002/chem.201203687
https://doi.org/10.1002/chem.201203687
https://doi.org/10.1002/adma.201305507
https://doi.org/10.1002/adma.201305507
https://doi.org/10.1021/jo061749g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo061749g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S2053273314022207
https://doi.org/10.1107/S2053273314022207
https://doi.org/10.1107/S2053273314022207
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889808042726
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c00847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

