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Eliminating nonradiative decay
in Cu(I) emitters: >99% quantum
efficiency and microsecond lifetime

Rasha Hamze’, Jesse L. Peltier2, Daniel Sylvinson', Moonchul Jung’, Jose Cardenas’,
Ralf Haiges’, Michele Soleilhavoup?, Rodolphe Jazzar?, Peter I. Djurovich’,

Guy Bertrand?, Mark E. Thompson'*

Luminescent complexes of heavy metals such as iridium, platinum, and ruthenium
play an important role in photocatalysis and energy conversion applications as well

as organic light-emitting diodes (OLEDs). Achieving comparable performance from
more—earth-abundant copper requires overcoming the weak spin-orbit coupling of

the light metal as well as limiting the high reorganization energies typical in

copper(l) [Cu(l)] complexes. Here we report that two-coordinate Cu(l) complexes

with redox active ligands in coplanar conformation manifest suppressed nonradiative
decay, reduced structural reorganization, and sufficient orbital overlap for efficient charge
transfer. We achieve photoluminescence efficiencies >99% and microsecond lifetimes,
which lead to an efficient blue-emitting OLED. Photophysical analysis and simulations
reveal a temperature-dependent interplay between emissive singlet and triplet
charge-transfer states and amide-localized triplet states.

rganometallic complexes of heavy metals

often phosphoresce from high-energy, long-

lived triplet states with high luminance

efficiency, enabling applications ranging

from photocatalysis () and chemo- and
biosensing (2, 3) to dye-sensitized solar cells ()
and organic electronics (5, 6). By contrast, phos-
phorescence of typical organocopper complexes
is inefficient (7, 8) compared to organo-Ir and
organo-Pt phosphors (9). This difference largely
stems from the rates of two intersystem crossing
(ISC) processes. The spin-orbit coupling (SOC)
parameter (§) that facilitates ISC is smaller for
the Cu nucleus (§ = 857 cm™) than for heavier
metals such as Ir and Pt (¢ = 3909 and 4481 cm ™,
respectively) (10). Therefore, the rate of ISC from
the lowest excited singlet state (S;) to the lowest
triplet excited state (T) typically is on the order
of 10" to 10" s in Cu complexes (I1, 12) as
opposed to 10™ to 10" s in heavy metal com-
plexes (13, 14). The rate of radiative ISC from Ty
to the ground state (S,) is markedly slower in
organocopper phosphors (% = 10> to 10* s%) com-
pared to Ir and Pt emitters (k > 10° s7%) (5, I5).
Moreover, the lowest-energy optical transitions
in most Cu(I) complexes are typically metal-to-
ligand charge transfer (MLCT) events, which are
associated with large reorganization energies.
In these MLCT transitions, formal oxidation at
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the d'° metal center induces Jahn-Teller distor-
tion (I6) that not only increases nonradiative
decay rates but also leads to ISC rates even
slower than those expected based only on SOC
considerations (17).

In the past decade, thermally assisted delayed
fluorescence (TADF) has emerged as a useful al-
ternative for harvesting both singlet and triplet
excitons generated in organic light-emitting diodes
(OLEDs) (18-21). This process is accomplished by
bringing the S; and T; manifolds close enough in
energy to give high rates for exo- and endothermic
ISC between them. (Fig. 1A). The resulting equi-
librium between S; and T typically favors the
longer-lived, weakly emissive triplet; however,
a high radiative rate from S, can lead to a high
radiative efficiency for the TADF process. A conun-
drum in purely organic, donor-acceptor-type
TADF systems is raised by the opposing require-
ments for minimizing the energy gap between
the two lowest excited states (AEg,_r,) through
poor highest occupied molecular orbital (HOMO)-
lowest unoccupied molecular orbital (LUMO)
overlap and achieving high radiative rates for
the S; state via large orbital overlap (22). TADF
also occurs in Cu(I) complexes and was first ob-
served by McMillin and co-workers (23). In such
Cu complexes, the HOMO is typically metal-
based, and the LUMO is composed of ligand n*
orbitals. However, Cu TADF systems present a
major departure from their pure organic counter-
parts: Forward ISC in the Cu(I) compounds is
fast enough to quantitatively depopulate the
S, state, thereby completely outpacing prompt
fluorescence and resulting in monoexponential
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emission decay at all temperatures. To illustrate,
a highly emissive Cu complex with the smallest
recorded AEg, _1, = 33 meV has a radiative rate
(%) of 2 x 10° 57! in the solid state at room tem-
perature (it is only weakly emissive in fluid so-
lution) (20). Fitting the temperature-dependent
photoluminescent decay of this complex to the
modified Boltzmann Eq. 1, where ks, and %r, are
the rate constants for radiative decay from the S,
and T, states, respectively, kp is Boltzmann’s
constant, and 7 is temperature, gives a derived
rate of fluorescence (prompt emission from S;) of
2 x 10° 571 (24), which is a full order of magnitude
faster than the recorded rate of emission (TADF)
at room temperature. It is therefore reasonable
to conclude that the limiting factor in determining
the rate of TADF in Cu systems is the endothermic
ISC from T to S;, which is tied to SOC as shown in
Eq. 2, where ppc denotes the Frank-Condon
density of states and |<S;|Hso|T;>| denotes the
SOC matrix element (25). Nevertheless, even the
most efficient TADF-based Cu emitters have low
photoluminescence (PL) quantum yields (®py) in
fluid or polymeric matrices. High rates of non-
radiative decay are observed in nonrigid environ-
ments owing to substantial distortions in the
excited state of frequently studied tetrahedral
motifs (26, 27):

3+ exp ()

TTADF = (1)
Bkr, + ks,exp ()
2n .\
kisc = ZPFC|<Sl|HSO‘T1>‘2 (2)

Reports of linear Cu complexes with high ®py,
in nonrigid matrices highlight the appeal of low
coordination in limiting excited-state reorgani-
zation (28-30). Unfortunately, the MLCT nature
of the radiative transitions in these derivatives
leads to excited-state lifetimes that are relatively
long (t ~ 20 us), thus limiting their luminescent
efficiency. However, a recent paper by Di et al. has
reported efficient green electroluminescence (EL)
in OLEDs using two-coordinate carbene-gold and
carbene-copper complexes [maximum external
efficiency (EQEmax) = 26.3% for the former and
9.7% for the latter] (19). The complexes discussed
by Di et al. consist of Au(I) or Cu(I) ions coor-
dinated to a cyclic (alkyl)(amino)carbene (CAAC)
(31,32) and an N-bound amide. Here we examine
a closely related family of two-coordinate, neu-
tral CAAC-Cu(I)-amide complexes with notable
photophysical properties (see Fig. 1; compound
1b was examined by Di et al.). Optimizing the
steric encumbrance of substituents on the car-
bene, we achieve complexes with ®py, > 99% and
short emission lifetimes (t = 2 to 3 us) in fluid
and polymeric media. Electrochemical, photo-
physical, and computational analyses reveal a
picture of ligand-based frontier orbitals with
minimal metal contribution. Coplanar ligand
conformation in these complexes is critical to
maintaining high ®p; . Finally, one of the com-
plexes is used in blue OLEDs.
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Fig. 1. Background and chemical structures of CAAC-Cu-amides. (A) Scheme depicting

the radiative processes [phosphorescence (phos.) and TADF] in an OLED. (B) Complexes
studied in this work. Dipp, 2,6-diisopropylphenyl; tBu, tert-butyl; iPr, isopropyl; Et, ethyl;

Me, methyl. (C) HOMO (solid) and LUMO (mesh) surfaces of complex 1a. (D) Simplified picture

of the HOMO and LUMO of complex 1a.

Structural and electronic properties of
CAAC-Cu-amide complexes

The two-coordinate CAAC-Cu-amide complexes
were prepared in high yields (80 to 90%) follow-
ing literature procedures (Fig. 1B) (19). Complexes
1 to 5 were isolated as white to yellow powders
and display varying degrees of sensitivity to O,
and moisture depending on the steric bulk around
the carbene and the nature of the amide. Com-
plex 1b, bearing 1,8-dimethyl carbazolide (CzMe),
was found to be highly sensitive to H,O and CO,
in ambient air as a solid and in solution (see the
supplementary materials).

X-ray diffraction analysis was performed on
single crystals of the complexes 1a, 1c, 1d, 2b,
and 3 to 5 (see figs. S1 to S8 and tables S1 to S8).
The structures all display a near-linear coordina-
tion geometry around the Cu center (174° to
179°), with a 3.73 to 3.77 A separation between
the carbene carbon and the amide nitrogen owing
to similar bond lengths (C-Cu = 1.88 to 1.89 A;
Cu-N = 1.85 to 1.87 A). Dihedral angles between
the ligands are <9° in complexes 1a, 1¢, 1d, and 3
to 5, whereas complex 2b has a near orthogonal
conformation (dihedral angle = 83°). Despite the
asymmetry of the CAAC, only one set of '"H NMR
(nuclear magnetic resonance) spectroscopic reso-
nances for the carbazolide is observed in all com-
plexes. This observation indicates rapid exchange
on the NMR time scale, likely caused by rotation
around the Cgapene—Namide aXis. Variable tempe-
rature NMR experiments performed on complex
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1a down to —-60°C show no signs of coalescence,
which suggests a low energy barrier for the rota-
tion in question. Complex 2b also shows one set
of carbazolide resonances in its "H NMR spec-
trum, consistent with an orthogonal conforma-
tion for the ligands.

The electrochemical properties of the Cu com-
plexes 1a and 3 to 5, precursors (CAACM"-CuCl,
where CAACM®" is ligand A in Fig. 1B, and the
free amines), and potassium carbazolide (KCz)
were examined (see fig. S11 and table S11 for de-
tails). The Cu complexes undergo irreversible
oxidation at potentials that vary over a 1-V range,
depending on the donor strength of the amide
ligand. Relative to their parent amines, the oxi-
dation potentials of the Cu-amides decrease by
0.6 to 0.7 V. All potentials fall well below the
Cu(l) oxidation potential of CAACM®™-CuCl. The
oxidation potential of 1a is anodically shifted
by 0.73 V compared to that of KCz, consistent
with metalation. Reduction potentials are quasi-
reversible, with values that are unchanged from
the parent CAAC"“"-CuCl. The data show that the
redox potentials are independently controlled by
the ligands: Oxidation is primarily at the amide,
and reduction at the n-accepting carbene.

The redox noninnocent nature of the ligands
is also captured by density functional theory
(DFT; B3LYP/LACVP**). As shown in Fig. 1C,
the HOMO is principally amide-based, with sub-
stantial electron density residing in the filled p
orbital of Nypige- The LUMO is localized largely
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on the unfilled p orbital of C.apene- The nature
of the frontier molecular orbitals and coplanar
orientation of the ligands allow for a simplified
representation of the valence structure (Fig. 1D)
as a donor-bridge-acceptor linear system, wherein
the metal d orbitals act as a weak electronic
bridge between the parallel donor (Namige 2P:)
and acceptor (Ceamene 2D,) Orbitals, thereby illus-
trating the potential for long-range © interaction
(83, 34). The ground state of these complexes is
marked by a large permanent dipole, p, ~11.3 D,
in close agreement with the report by Foller and
Marian for an isoelectronic Au complex (35).

Absorption spectra of complexes 1a, 1b, 2b,
and 3 to 5 in tetrahydrofuran (THF) (Fig. 2A)
show high-energy bands (A < 350 nm) corre-
sponding to n-m* transitions of the ligands.
Broad, low-energy bands apparent in these com-
plexes are assigned to singlet interligand charge
transfer (YICT) from the electron-rich amide to
the electron-accepting carbene. The onset of
the ICT bands for 1a and 3 to 5 falls in the order
expected based on the oxidation potentials of
their amide ligands (inset of Fig. 2A). A notable
feature of the ICT transitions in these com-
plexes is their high extinction coefficients (¢ >
10° M~ em™), which is surprising considering
the ~3.7 A separation between the HOMO and
LUMO. These values are a factor of 10 greater
than what is typically observed for MLCT tran-
sitions in organocopper complexes. We tenta-
tively attribute the strongly allowed nature of
the charge-transfer (CT) transitions in these com-
plexes to the small but nonnegligible contri-
bution of the Cu d orbitals acting as an effective
electronic bridge between the donor and the
acceptor components. In addition, the coplanar-
ity of the ligands leads to a parallel orientation
of the filled 2p, orbital on the amide N and the
empty 2p. orbital on the carbene C, maximizing
long-range orbital overlap.

A characteristic property of the ICT band in
these complexes is the pronounced hypsochro-
mic shift as solvent polarity increases (Fig. 2B).
The absorption onset of the ICT band undergoes
a blue shift of 2400 cm™ in 1a and 2600 cm™ in
5 upon increasing solvent polarity. The mag-
nitude of the shift reflects a strong change in
the electronic dipole moment upon excitation.
The direction of the shift is a consequence of the
ground-state dipole being much larger in mag-
nitude and opposite in orientation relative to its
excited-state counterpart (36). Similar hypsochro-
mic shifts of the ICT absorption band are ob-
served upon freezing the solvent matrix and are
more pronounced in methylcyclohexane (MeCy)
than in 2-methyltetrahydrofuran (2-MeTHF) (Fig.
2C). The blue shift in 2-MeTHF at 77 K is likely
due to the solvent dipoles being frozen around the
large solute dipole, stabilizing the ground state
(relaxing the potential energy surface) and de-
stabilizing the ICT excited state. The blue shift
recorded in MeCy at 77 K, where the solubility of
1ais reduced, can be brought about by long-range
dipole-dipole interactions between the solute mol-
ecules (37). In both instances, the hypsochromic
shift is absent when the solvent glass is thawed.
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Efficient luminescence from allowed
interligand charge transfer transitions
The Cu complexes all luminesce with high effi-
ciency in fluid solution, as well as when doped in
polystyrene (PS) matrices, manifesting microsecond
radiative lifetimes (Fig. 3A and Table 1). Pow-

A 300 350 400 450 500 550

2b

0.04 1 L

300 350 400 450 500 550

Wavelength (nm)

Fig. 2. Electronic spectra of CAAC-Cu-amides. (A) Absorption spectra
of complexes 1a, 1b, 2b, and 3 to 5 in THF. The inset in the top spectrum
shows a linear relation between the energy of the CT absorption band (vcr)
in MeCy and the oxidation potential (Eoy) of the complexes. The crystal
structures of complexes 1b and 2b are shown as insets in the bottom

dered samples of the carbazolide complexes 1a
to 1d and 3 are poorly emissive, whereas 2b, 4,
and 5 exhibit stronger luminescence in their
microcrystalline forms than in solution (see figs.
S22, S23, and S26 and table S15). Emission spec-
traoflato 1d, 4, and 5 in 2-MeTHF solutions are

broad and featureless at room temperature, con-
sistent with the ICT origin of these transitions.
The PL efficiency improves as the steric encum-
brance on the carbene increases in the series
1d < 1c < 1b < 1a (®p, = 0.1, 0.6, 0.7, and 1.0,
respectively). Because 1a to 1d have similar
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spectrum. The pendant adamantyl and Dipp groups are depicted in wire-
frame for clarity. (B) Blue shift of the ICT absorption band with increasing
solvent polarity observed in complexes 1a and 5. (C) Absorption spectra of
complex 1a at room temperature (RT) and 77 K, showing a blue shift in
the ICT band at low temperature. a.u., arbitrary units.

Table 1. Photophysical data for complexes 1a, 1b, 2b, and 3 to 5 doped 1% by weight into PS films or dissolved at 10~ M concentration in

2-MeTHF. n.d., not determined.

Emission at room temperature

Emission at 77 K

Complex Amax (NM) 7 (ps) DpL ke (s7) Knr (s7%) Amax (NM) 7 (ps)
1% weight PS films

la 474 2.8 1.0 3.5 x 10° 3.6 x 10° 480 64

240 (70%) 3 >

42 82 15 x 1 2x1 424
6 1300 (30%) 0.8 5 x 10 32x10 6900
4 518 23 10 4.3 x 10° <44 x 10° 490 550
5 532 26 0.78 3.0 x 10° 8.5 x 10* 536 264
2-MeTHF
la 492 2.5 10 3.9 x 10° <8.0 x 10° 430 7300
430 nm: 3000
5] 5

1b 510 23 0.68 3.0x10 17 x 10 430 )
1c 500 18 0.56 31x10° 24 x 10° 430 7000
1d 510 0.54 0.11 2.0 x 10° 16 x 10° 430 5000

0.86 (79%) o o 430 nm: 2400
2b 542 0.12 11x 10 8.0 x 10 438

23 (21%) ) ) 500 nm: 37

428 450 nm: 8.3
1 d. d. 422 12,

3 590 600 nm: 80 0 i " 000
4 558 0.28 0.25 8.9 x 10° 2.7 x 10° 470 Seconds
5 580 0.87 0.16 1.8 x 10° 97 x 10° 500 215

*Calculated from a weighted average of the two contributions to .
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radiative rate constants (%, = 2.0 x 10° to 4.3 x
10° s7), the principal effect of increasing steric
bulk is to decrease the rates of nonradiative decay.
Complexes 4 and 5 show red-shifted emission re-
lative to complex 1a, with radiative rates compa-
rable to that of 1a (Table 1). The sparingly soluble
complex 3 shows narrow, structured emission
centered at 426 nm in solution and has a radia-
tive rate constant that is lower than the other
complexes, features we attribute to emission from
a state with predominant triplet-carbazolide (°Cz)
character, vide infra (Fig. 3D). In addition, com-
plex 3 displays a low energy (A ~ 600 nm)
concentration-dependent emission band in solu-
tion, characterized by a rise time in its PL decay
traces (see fig. S34- and table S17), which is con-
sistent with the diffusional process required to
form a luminescent excimer.

To eliminate the complications of aggregation
and excimer formation in photophysical studies,

we doped the complexes into thin films [ 1 weight

% in PS], where excimer formation is suppressed.
At room temperature, samples in the rigid matrix
exhibit a blue shift in their emission relative to
spectra recorded in solution (i.e., rigidochro-
mism) and suppressed rates of nonradiative decay
(Fig. 3A). Complexes 1a and 4 display broad
emission with near unity quantum efficiency in
PS (®py, = 1.0), whereas complex 5 is less efficient
(®pr, = 0.78) (Table 1). Thin films of complex 3
give narrow, structured emission at room tem-
perature with biexponential decay lifetimes of
240 ps and 1.3 ms. The slow radiative rates in 3
(e, = 1.5 x 10% s7) are consistent with our initial
3Cz assignment, owing to the highly destabilized
ICT in this complex (Fig. 3D). Notably, the
high ®p;, and %, values for complexes la, 4,
and 5 in solution and thin films are compara-
ble to phosphors containing heavy metals, such
as Ir and Pt.

The photoluminescent properties are dramat-
ically altered on cooling to 77 K. A vibronically

structured, long-lived emission (tof msto s, &, <
10® s is observed for 1a to 1d, 3, and 4 in
frozen glasses of 2-MeTHF and MeCy (Table 1 and
Fig. 3B). The emission at 77 K is assigned to a
low-lying triplet state localized on the carba-
zolide ligand (*Cz), as the phosphorescence spec-
trum of KCz in frozen 2-MeTHF replicates the
same profile as 1a (Fig. 3B). The blue shift in
emission observed in MeCy at 77 K corresponds
with the hypsochromic shift observed in ICT
absorption at that temperature, as destabiliz-
ing the ICT transition leaves °Cz as the lowest-
lying emissive state (Fig. 3E). Luminescence
from 5 is broad and featureless in frozen glassy
matrices, with long excited-state lifetimes (t =
215 us in 2-MeTHF), consistent with emission
from a ?ICT state (Fig. 3D).

The luminescent properties of 1a and 5 in thin
PS films were examined as a function of tem-
perature to probe the ICT manifold while avoid-

ing complications from ?Cz-dominated emission

A 400 500 600 700 B 400 500 600 700 c 50 100 150 200 250 300
1l ' 2-MeTHF, RT! 1 . ' o 75 1
2-MeTHF, 77K AECICTICT) = 63 meV
—(1a) (1a)
? —@3) ; (5) 50t =('ICT) = 150£15ns{
g —) g o ~CICT) = 6416 pis
LI (5) L) z 0O .
> > o5 R?=0.9956
- ot
® B o (1a)
c = £
3 3 = . .
o o = 0
8! B PS, 77K AE('ICTAICT) = 71 meV]
2 N 200} g
© © (1a) 2('ICT) = 21020 ns
g g —(5) (ICT) = 250415 s
2 2 100 R?=0.9974 7
(5)
0400 500 600 700 400 500 600 700 50 100 150 200 230300
Temperature (K
Wavelength (nm) Wavelength (nm) P (K)
D E
UCT/ICT .~/ 3NPh Frozen glass  Fluid media PS films
3C2CN 3 : o (77K) (RT) (RT and 77K)
b . 3CZO0Me 3I|(C:1T—‘ —
LCT/3ICT— 3¢z 3z
HCT/ICT — yer fUCT
3 AE <0.075 eV
E 'CT{3ICT
E
3 1a 5 |
S k= _103s? 1055 10°s! 10%s?! g
0 0

Fig. 3. Luminescence behavior of CAAC-Cu-amides. (A) Room-
temperature emission spectra of complexes 1la and 3 to 5 at

107° M in 2-MeTHF and doped 1% by weight into PS films. The
asterisk indicates excimer emission. (B) 77 K emission spectra of
complexes 1a and 5 in 2-MeTHF (10™° M) and 1% PS films. Also
shown is the gated phosphorescence spectrum of KCz at 77 K (top).
(C) Temperature-dependent PL decays of complexes 1a (top)

Hamze et al., Science 363, 601-606 (2019)
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and 5 (bottom) as well as the data fit to Eq. 1. The parameters
obtained from the fit, AEi 31, Tijcp, @nd Ts o , are shown in
each plot. (D) State diagram depicting "*CT/3LE ordering in

the reported complexes. The relative energies of the states are
based on emission spectra. (E) Jablonski diagram depicting
the different processes operating in various media at room
temperature and 77 K.
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in frozen solvents. Temperature-dependent emis-
sion of thin PS films of both complexes display
broad, featureless ICT spectra at all temperatures
between 10 and 300 K (see figs. S30 and S31)
and have excited state lifetimes that increase
with decreasing temperatures (Fig. 3C). Fits of
the temperature-dependent PL decay curve to
a Boltzmann distribution (Eq. 1) give AE:_sqp =
0.063 €V (510 cm ™) for 1a and 0.071 €V (570 cm ™)
for 5 [coefficient of determination (R?) values for
the fits of 1a and 5 in Fig. 3C are 0.996 and
0.997, respectively]. The radiative lifetimes of
'ICT (1a, 7 = 150 = 15 ns; 5, © = 210 = 21 ns) and
3ICT (1a, T = 64 + 6 pus; 5, T = 250 + 15 pus),
derived from the fits to Eq. 1, are comparable to
values reported by Yersin and co-workers and
Brise and co-workers in the fastest Cu(I) TADF
emitters reported to date (22, 38). The rate of
emission at low temperature attributed to *ICT-
based phosphorescence is faster for 1a than for
5, owing to the close-lying Cz in 1a, which can
enhance SOC by mixing with *ICT through con-
figuration interaction (9, 12).

We also investigated the role of ligand con-
formation in the photophysical properties using
complexes 1b and 2b: The former has coplanar
orientation of carbene and carbazole ligands,
whereas the ligands are nearly orthogonal in
the latter. The ICT absorption band in 2b has an
extinction coefficient reduced threefold relative
to Ib: g1cr = 1300 and 4000 M em ™, respec-

Al (100 nm)
LiF (1 nm)

TPBi (40 nm)
Host: 1a (20 vol%; 40 nm)
TAPC (40 nm)
ITO

@
o
S

I

o

o
Current density (mA/cm?)

t
n
o
S

4 6
Voltage (V)

tively (Fig. 2A). Similarly, the efficiency and
radiative rate constant for 2b are reduced nearly
fourfold relative to 1Ib (®pr, = 0.12 and 0.68, and
= 1.1 x 10° and 3 x 10° s7}, respectively). The
marked decrease in k, observed for 2b is im-
portant in light of the decrease in HOMO-LUMO
overlap and the expected decrease in AE:q_scp
(85). These observations highlight the impact of a
coplanar ligand conformation on maintaining
the strongly allowed nature of the ICT transi-
tions in absorption and emission and are there-
fore incompatible with the rotationally accessed
spin-state inversion (RASI) mechanism described
by Di et al. (19), as previously noted by Foller and
Marian and Penfold and co-workers (35, 39).
Moreover, the suggestion by Di et al. that the S;
state lies below the T, state in energy when the
carbene and carbazole ligands are orthogonal
is not supported by these experimental results
and is counter to what is expected on the basis
of fundamental quantum mechanical consid-
erations (40).

Time-dependent DFT (TDDFT) was used to
model the main electronic transitions of the
excited states in these complexes (see the supple-
mentary materials for details). The ?ICT state
shares the same orbital parentage as 'ICT and
lies within 0.25 eV of the latter (table S22), in
agreement with recent reports from Foller and
Marian (35) and Tafett et al. (41). In addition, the
3Cz state is only 0.03 to 0.1 eV higher in en-

-

04 —e—mCBP
—A—mCP
—=— UGH3

EQE (%)

100 10' 102
Current density (mAlcmz)

o

C —mcBP
——mCP
—UGH3

Normalized Intensity (a.u.)
o
o

T 400 450 500 550 600 650
Wavelength (nm)

Fig. 4. OLED demonstration. (A) OLED device architecture energy scheme for la-based
OLEDs. TPBI, 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole); TAPC, 4,4'-
cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine]; ITO, indium tin oxide. (B) EQE
traces of devices using different hosts. The inset is a photograph of a 1la-based device.
(C and D) Current (J)-voltage (V)—luminance (L) traces (C) and EL spectra (D) of

devices using different hosts.
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ergy than the ’ICT state in all the carbazolide-
based complexes except for 3, where it is the
lowest triplet state. The triplet state localized
on the diphenylamide in 5, °LE (i.e., *°NPh,),
is destabilized relative to ®ICT by 0.5 eV.

We have further modeled the effects of solva-
tion on the excited states of complex 1a at 77 and
300 K using a multiscale hybrid approach that
used molecular dynamics simulations in con-
junction with TDDFT, as detailed in the supple-
mentary materials. At room temperature, it was
found that the ®ICT state is the lowest triplet
state in all cases owing to stabilization by the
solvent dipoles (fig. S41). A similar procedure
was followed to study the effect of solvation at
77 K, where single-point TDDFT calculations
were performed on a frozen equilibrated cell
using the hybrid scheme described in the sup-
plementary materials. Here it was found that
the 3Cz state is the lowest-lying triplet, in ac-
cordance with the experimental observation
of ?Cz emission in 2-MeTHF at 77 K. The de-
stabilization of the *ICT state can be attributed
to its associated dipole (4.25 D), which is op-
posite in direction to the large dipole in the
ground 'ICT (11.8 D) and Cz states (11.27 D).
Hence, solvent molecules in a frozen matrix are
expected to be ordered so as to stabilize the
ground state, whereas the °CT state would be
destabilized. Negative solvatochromic effects
observed in absorption can be explained by the
same rationale.

Exploration of CAAC-Cu-amides as
emitters in blue OLEDs

OLEDs incorporating 1la as an emitter were
fabricated by vapor deposition (see the supple-
mentary materials for details), following the gen-
eral architecture outlined in Fig. 4A and only
changing the emissive layer to screen different
wide bandgap host materials. Commonly used
hosts in blue OLEDs [1,3-bis(triphenylsilyl)benzene
(UGH3); 3,3"-bis(carbazol-9-yl)biphenyl (mCBP);
and dicarbazolyl-3,5-benzene (mCP)] were ex-
amined. In addition, we also tried a Cu-based
host, that is, (CAAC)Cu-CgF5, with a high triplet
energy; however, these devices degraded rapidly
during operation (see the supplementary mate-
rials). Thin films doped into the various estab-
lished hosts show similar trends with ®p;, in
UGH3 > mCBP > mCP (0.9, 0.6, and 0.3 respec-
tively). OLEDs prepared with 1a doped into
UGHS3 at 20 volume % give EQE .« = 9.0% and
16 cd/A at 2 mA/cm? (Fig. 4B), consistent with
the high triplet energy of the UGHS3 host (T; =
3.5 eV). Although the EQE values for green-
and yellow- or orange-emitting Cu-based OLEDs
have been reported to be >20% (42, 43), the
highest efficiencies previously reported for blue-
emitting (EL A < 500 nm) Cu-based OLEDs
are <6% (44, 45). The low EQE ., of the mCBP
and mCP devices can be explained by a low
triplet energy for the hosts (mCBP, T; = 2.8 €V;
mCP, T; = 2.9 eV), which do not confine triplet
excitons on the Cu emitter as efficiently as UGH3.
The roll-off in device efficiency as the current is
raised for the UGH3-based device (Fig. 4B) is

50f6

610Z ‘/ Aeniga4 uo /610 6ewaduslos aoualos//:diy wol papeojumoq


http://science.sciencemag.org/

RESEARCH | RESEARCH ARTICLE

comparable to the roll-off observed for UGHS3-
based OLEDs with an iridium-based emitter (46),
which has been attributed to increased triplet-
triplet and triplet-polaron annihilation at higher
current density (47, 48). All devices exhibit blue
EL, similar to the PL for 1a in a PS film, with
minor shifts due to “solvent” effects of the different
host matrices. This is in contrast to the green-
emissive OLEDs reported by Di et al. (19) for an
OLED with 1b doped into polyvinylcarbazole.
We expect that stable, high-triplet energy host
materials for blue OLEDs using emitter 1a should
positively affect both efficiency and device stability.

Outlook

We have prepared a series of two-coordinate
CAAC-Cu-amide complexes with emission tun-
able across the visible spectrum, high ®p;, (up to
>99%) in nonrigid media, and &, > 10° s”*. Emis-
sion stems from a strongly allowed amide-to-
carbene ICT transition, with the coplanar ligand
conformation and coupling through the metal d
orbitals ensuring strong €;cr and resultant %,.
By contrast, a near-orthogonal arrangement of
ligands leads to both low g;ct and a decrease in
k, owing to poor orbital overlap. In the Cu-
carbazolide complexes, there exists a closely lying
3Cz-centered state that dominates emission in
frozen solvent glasses, owing to the destabiliza-
tion of the ICT manifold in such media. Within
the ICT manifold, efficient TADF is observed with
AEiqp_scp < 75 meV, among the smallest values
recorded for mononuclear Cu(I)-based TADF
systems (49).

The 1 values we obtain are typical in Cu(I)
TADF-based emitters; however, they are far longer
than the prompt fluorescence rates recorded in
pure organic TADF systems, with tg, values on
the order of 10 ns (50). Another distinction from
organic TADF systems is the much longer-lived
(millisecond to second) phosphorescence at low
temperature for organics. The discrepancy be-
tween organometallic and organic TADF suggests
that a spin-pure treatment of the CT manifold is
inadequate in organometallic emitters, owing
to stronger SOC effects (57). The slow 'ICT decay
in Cu-based systems is likely due to considerable
mixing with ®ICT via SOC. The opposite is true
for ®ICT, where considerable singlet character
in the nominally triplet state leads to markedly
faster decay than expected for a spin-pure triplet.
The acronym TADF is an imprecise description
for what is observed in Cu-based complexes of the
type described here, because neither the singlet
nor triplet states are spin-pure. Lifetimes as high
as 0.2 ps for the 'ICT state suggest that this
state has substantial triplet contribution, thus
fluorescence is not the best description for this
type of emission (51, 52). The process observed
here is better described as thermally enhanced
luminescence, where both the lower-energy and
higher-energy states are highly emissive, albeit
with the lower state having a much longer radi-
ative lifetime. Thermal enhancement here man-
ifests in a shortening of the radiative lifetime but
does not markedly increase the already high
luminance efficiency.

Hamze et al., Science 363, 601-606 (2019)

The extent of Cu involvement in the electronic
properties of these complexes appears to be the
answer to the Cu-TADF conundrum we posited:
The metal contribution is large enough to induce
high exo- and endothermic %;sc, yet low enough
to ensure small reorganization energies. This
work outlines the design parameters for attain-
ing Cu(I) complexes with photophysical proper-
ties akin to their heavy metal counterparts:
maintaining a two-coordinate geometry around
the metal center, with redox-active ligands in a
coplanar orientation. These results therefore
open the door to investigation of these com-
plexes in fields where traditional heavy metal-
based phosphors have been used, for example,
optical sensing, photoredox catalysis, and solar
fuel generation, to name a few.
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Eliminating nonradiative decay in Cu(l) emitters: >99% quantum efficiency and microsecond
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Helping copper glow

Copper's abundance makes the metal an appealing candidate for luminescence applications. However, many
copper complexes tend to decay nonradiatively after photoexcitation. A recently described exception involves a
two-coordinate complex that sandwiches the metal between an amide ligand and a carbene ligand. Hamze et al.
thoroughly explored this motif and measured a nearly perfect luminescence efficiency. They used this property to
produce a prototype blue organic light-emitting diode. The photodynamics appeared largely ligand-centered, with the
excited state attributed to copper-facilitated charge transfer from amide to carbene.
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