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Abstract: Luminescent metal complexes based on earth abundant elements are a valuable target to substitute 4d/5d\
transition metal complexes as triplet emitters in advanced photonic applications. Whereas Cu' complexes have been
thoroughly investigated in the last two decades for this purpose, no structure-property-relationships for efficient
luminescence involving triplet excited states from Zn" complexes are established. Herein, we report on the design of
monomeric carbene zinc(II) dithiolates (CZT) featuring a donor-acceptor-motif that leads to highly efficient thermally
activated delayed fluorescence (TADF) with for Zn" compounds unprecedented radiative rate constants kyspr=
1.2x10°s7" at 297 K. Our high-level DFT/MRCI calculations revealed that the relative orientation of the ligands involved
in the ligand-to-ligand charge transfer (’LLCT) states is paramount to control the TADF process. Specifically, a
dihedral angle of 36-40° leads to very efficient reverse intersystem-crossing (rISC) on the order of 10°s™' due to spin-
Q)rbit coupling (SOC) mediated by the sulfur atoms in combination with a small AEg, 1, of ca. 56 meV. Y,

Introduction

The investigation of 3d transition metal compounds as
substitutes for precious metal complexes in photonic
applications is a very timely topic.'! One of the reasons is
the comparably costly and energy-intensive production of 4d
and 5d elements that are typically employed to facilitate and
make use of photoinduced spin-forbidden processes due to
their strong SOC, including phosphorescence as a radiative
decay channel of triplet excited states. Another motivation
is the search for new combinations of photophysical and
photochemical properties and modes to control them. The
last decade has seen a phoenix-like rise of the lighter and
weaker SOC-mediating congeners of the d element com-

plexes, with manifold applications of Zr',?! Cr™V1 Bl Mn! ¥
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Fe"""' B Co™ I Ni'"l and Cu"™ compounds in photo-induced
energy (EnT) and electron transfer (ET), up-conversion,
sensing, light-emitting devices, and as responsive smart
materials. However, when it comes to efficient luminescence
involving triplet excited states for device applications,
copper(I) complexes in their d' electron configuration are
undoubtedly the prime choice among the 3d elements.['*%]
They do not feature detrimental metal-centered (MC) dd*
states as potential non-radiative decay channels, and the
weak SOC is sufficient for (r)ISC processes necessary for
TADF, by which inefficient phosphorescence from the
triplet excited states is bypassed and emission can occur
from the singlet manifold. It is important to note the general
photophysical differences between organic and transition
metal TADF emitters. The latter usually exhibit a higher
density of states (DOS) due to additional metal-to-ligand
charge transfer (MLCT) or ligand-to-metal (LM)CT states
promoting SOC, which influence the excited state kinetics.
Consequently, the radiative lifetimes z5pr Of organometallic
TADF emitters at room temperature are typically shorter
than observed for organics and can even surpass those of
established Ir'"" or Pt" emitters.®®'”) Although luminescent
Cu' complexes are well established, one of the limitations of
their widespread usage is the high redox activity of the
copper center, which can lead to premature degradation in
electroluminescent devices.

An alternative that could resolve this issue are Zn"
complexes, where the metal ion features a considerably
higher redox stability and a d' electron configuration,
hindering undesired non-radiative decay via MC states and
allowing for modification of the coordination geometry to
tune the photophysical properties. Only few Zn" compounds
with emission involving triplet excited states have been
reported, most of which undergo facile non-radiative decay
at room temperature and phosphoresce only at low
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temperatures.""! Wenger and co-workers showed that the
dark but long-lived ligand-centred (°LC) states in zinc(II)
complexes can be useful for application in photocatalysis,
photoinduced ET and upconversion.” However, Bernhard
and co-workers found indications that a hemi-cage analogue
of fluorescent [Zn(bpy),]*" bearing a hexadentate bipyridyl-
based ligand shows phosphorescence from a *LC state with
=70 ns in solution at room temperature, albeit with low
quantum yields of ®=0.07.1"¢! Heteroleptic zinc(Il) 1,10-
phenanthroline bis(thiophenolates) exhibit excited states of
LLCT character and have been studied in detail by Crosby
etal."™ Although the emission is very weak at room
temperature, very recently we were able to show that the
dominant radiative path is TADF.I"! Adachi and co-workers
found in [Zn(PX-BOX-0),] (PX-BOX-O=bis(2-(benzo
[d]oxazol-2-y1)-5-(10H-phenoxazin-10-yl)phenolate) a de-
layed component with @;,pr=0.48-0.66 beside prompt
fluorescence (®p=0.10-0.12) from intra-ligand (**IL)CT
states. The rISC is moderately efficient with k gc=1.4—
16.9x10*s™", but proof-of-concept application in OLEDs
demonstrates the potential of Zn" complexes.!"”

In contrast to Cu' complexes featuring MLCT states that
can mediate SOC for spin-forbidden processes, the d orbitals
of the Zn" ion do not participate in the excited states in the
above-mentioned examples, which explains the low to
moderate triplet emission performance. In order to improve
the TADF process by enhancing the DOS[™ we have
started to develop a fundamentally different class of Zn"
emitters bearing cyclic(alkyl)(amino) carbenes (cAAC) as
potent excited-state n-acceptors, which can provide access to
LLCT states with an admixture of unusual LMCT.!"
Following our initial report on phosphorescent [ZnX,-
(M cAAC),], with ultra-long lifetimes,"™ we developed the
first dimeric carbene-zinc-thiolate (CZT) [Zn(bdt)-
(McAACQC)], (bdt=benzene-1,2-dithiolate) with a suitable
donor-acceptor motif for this purpose (Scheme 1).1'*"!

Steffen and Marian™

TADF ('*LLCT) |
AEmmax = 560-625 nm |
k, upto 1.210°s" |

phosphorescent TADF ("*LL/LMCT)
(*XCTILE,,,.) AEmmax = 577-585 nm

photolabile k upto 1.5:10%s"

Scheme 1. Development of luminescent Zn" carbene complexes. Left:
phosphorescent Zn" halide carbenes. Middle: first example of a
carbene-zinc-thiolate (CZT) showing TADF. Right: latest generation of
CZT-TADF emitters.
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Indeed, the resulting small energy gap AEg,.; of 79 meV
allows for efficient rISC and TADF with good krspr of up
to 1.5x10° s in dichloromethane solution at room temper-
ature. Although these results clearly demonstrate the
potential of our approach, and the compound is even stable
in oxygen-saturated wet organic solvents under UV irradi-
ation, the main drawback remains the moderate ®=0.1 in
PMMA matrix.[*® Herein, we report on a new generation of
monomeric CZT complexes composed of sterically demand-
ing menthyl-substituted cAAC (M™"cAAC) and various bdt
derivatives, giving highly efficient TADF for Zn" complexes
with unprecedented krspr of up to 1.2x10%s™" at 297 K.

Results and Discussion

The target compounds [Zn(®bdt)(M™cAAC)] (R=4-H
(CZT1), 4-Me (CZT2), 4-'Bu (CZT3)) were prepared by a
two-step protocol (Scheme 2, top), starting with addition of
Menbc AAC  to  ZnCl, to afford the synthon
[ZnCL(M"cAAC)] (1). We found 1 to be highly reactive
and unstable, leading to contamination with protonated
carbene independent of the purification methods. Although
this prevented its full characterization, single crystals were
obtained by gas phase diffusion of n-pentane into a THF
solution of 1 (Figure S9). However, in situ generation of 1
and subsequent halide exchange with the disodium salt of
the respective 4-R-benzene-1,2-dithiolate provides facile
access to monomeric CZT1-3. The compounds are highly
soluble and stable in THF, dichloromethane and toluene,
which we attribute to the chelating coordination of the bdt

znci Najbdt
2, iznciremcaac)] — =, Dipp N
. -2 NaCl i
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Menthe AAC v
s s s s § 5
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( = (€zT1), (CzT2), (c2T3)
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'‘Bu

CZT1 CzT2

Q= 45.0° Q=543 and 59.2°

CZT3b
Q=299and 36.2°

Scheme 2. Top: Synthesis of 1 and CZT1-3. Bottom: Molecular
structures of CZT1-3 and their dihedral angles Q. Hydrogen atoms are
omitted for clarity.
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ligands and the steric protection of the Zn—C(cAAC) bond.
Remarkably, the '‘Bu moiety in CZT3 not only leads to
additional solubility in n-pentane, but greatly enhances the
stability in solution even in the presence of water (Fig-
ure S7).

The “C{'H} NMR resonance of the carbene carbon in
CZT1-3 at ~245 ppm shows a significant upfield shift in
comparison to the free ligand (319 ppm)!"® and thus clearly
proves successful coordination of ™"¢AAC to the Zn" ion.
In addition, the '"H and “C NMR spectroscopic measure-
ments of CZT1-3 also show only one set of sharp signals,
arguing for barrier-free rotation of the carbene and/or
dithiolate ligands at room temperature. Indeed, our DFT
calculations confirm a very low rotational energy barrier of
only 4 kJ/mol for CZT1 (Figure S16). Single crystal X-ray
diffraction studies reveal a trigonal planar coordination of
the zinc(IT) center in 1 and CZT1-3 (Scheme 2, bottom).!"”!
For all complexes the Zn—C“RBENE interatomic distances
have comparable values in the range of 2.015-2.045 pm. The
Zn—Cl and Zn-S distances of ~2.2 pm found in 1, and
CZT1/CZT2, respectively, are in the range typically found
for related Zn" halide and aromatic dithiolate
complexes.™™"®! The molecular packing in the solid state is
influenced by the bdt substituents in the 4-position, leading
to different dihedral angles ) between the S—Zn—S plane
and the carbene plane of 45° and 59° for CZT1 and CZT2,
respectively. Interestingly, we were able to isolate different
ligand conformations upon recrystallization of CZT3 from
either THF/n-pentane (CZT3a) or toluene/cyclohexane
(CZT3b) mixtures (Scheme 2), which greatly affect the
excited state behavior (see below). In the case of CZT3a,
the unit cell comprises eight independent molecules with
values of () between 6.4-43.1°, whereas for CZT3b only two
independent molecules with Q of 29.9 and 36.2° were found
(Table S1).

The electronic UV/Vis absorption spectra of CZT1-3 in
dichloromethane show a very broad low intensity band
between 350-480 nm that we assign to a n(bdt)—n*(C—N,
cAAQC) transition of LLCT character according to our DFT/
MRCI studies, which is sensitive to the dihedral angle ()
between the ligands (Figure 1). A tilted conformation (calc.
Qgo=40°) is the most stable one in the electronic ground
state, and a scan of the torsional potential shows that nearly
planar (Qg,=10°) and orthogonal (Qg,=76°) conformers are
separated by only small energy barriers, which are easily
surmounted at ambient temperatures (Figure S16).

Consequently, the extinction -coefficients &=3,500-
3,800 M 'cm™! represent averages over all conformers in
solution due to the high fluxionality of the complexes.
Substitution of the bdt ligand in the 4-position in CZT2 and
CZT3 gives rise to only a very minor bathochromic shift of
this band. The more intense (& ~8,900-9,300 M~'cm™") band
between 290-330 nm shows two maxima and originates from
an LLCT transition related to an excitation from the sulfur
lone pairs (n) to the C—N n* orbital of the cAAC, and an
LC nn*(bdt) state (see also Tables S9-S11). The high energy
region (below 280nm) is dominated by allowed, high
intensity bands of 'LC (nr*) character.
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Figure 1. Experimental UV/Vis absorption spectra of CZT1-3 in CH,Cl,
solution at room temperature and electron density differences of the
transitions from the ground state S, to the S, ('LLCT, nn*), S; ('LLCT,
nn*) and S, ('LC, nn*) excited states (calculated at the DFT/MRCI level
of theory; loss of electron density is indicated in blue and gain in
yellow; isosurface values £0.002; see also ESI).

Upon irradiation of powder samples of CZT1-3 with
Jex <450 nm, bright yellow-to-orange photoluminescence
with large Stokes shift (1,,,,=560-583 nm) apparently from
an LLCT state is observed at room temperature (Figure 2,
Table 1). In comparison to previously reported dimeric
[Zn(bdt)(McAAC)],, which displays a small photolumines-
cence quantum yield @=0.02,""" the efficiency of the
monomers is 6-15 times enhanced to reach values of up to
0.29 for CZT3. The observed averaged luminescence life-
times of 7,,=170-630 ns suggest radiative rate constants of
k,=4.5 (CZT1), 7.5 (CZT2) and 7.4x10° (CZT3) s ', that are
higher by more than one order of magnitude than found for
the dimer!"™ and indicative of triplet excited states being
involved. Although the luminescence quantum yields are
decreased in PMMA or polystyrene films for CZT2 and
CZT3, the k, are still in the range of 10°s™ (Table 1). The
broad LLCT emission is also observed in CH,Cl, solution at
room temperature (Figure S11), but the high fluxionality of
the complexes in solution (see above) leads to very facile
non-radiative decay and prevents further analysis.

Bearing in mind that Zn" does not mediate strong SOC
for fast phosphorescence,*"”! we were curious whether the
zinc dithiolate complexes emit via TADF and thus we
carried out time-resolved variable temperature (tr-VT)
luminescence studies. Indeed, the luminescence lifetimes z,,
of CZT1-3 in the solid state increase by several orders of
magnitude at 77 K, where we were able to experimentally
determine @, giving rise to much smaller k,=2.5x10>-
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Figure 2. Top left: Photoluminescence of CZT1-3 in the solid state at
room temperature (dashed lines) and at 77 K (solid lines). Top right:
Photoluminescence of CZT1-3 in 1 wt% PS (solid lines) and PMMA
(dashed lines). Bottom left: Photoluminescence decay of CZT2 at 77 K
and 297 K (inset) in the solid state. Bottom right: temperature-
dependence of the averaged radiative lifetimes 7,4 of CZT2.

6.7x10* s* (Table 1). Upon further cooling compound CZT2
to <50 K, a luminescence lifetime plateau is observed in the
millisecond regime (Figure 2, and Table S7).

Such a photophysical behavior is typical for a temper-
ature-dependent Boltzmann equilibrium between states of
very different oscillator strength and cannot be explained by
regular phosphorescence, but rather by TADF involving
states of different spin multiplicity.

Noteworthy, the transient luminescence decays are
biexponential at 297 K, but at lower temperatures become
multiexponential with 3—4 lifetime components (Figure 2).
Presumably this is due to the structural flexibility of the Zn"
complexes, i.e., several conformers with different dihedral
angles () between the ligands being present in the powder
samples, which give rise to different emitting excited state
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geometries with different Franck—Condon factors. Indeed,
upon isolating larger amounts of polymorph CTZ3a contain-
ing eight independent molecules with different Q we
observed very complex transient luminescence decays of the
single crystals. Under such conditions, k, obtained from the
average lifetime 7,, is not an appropriate descriptor for an
in-depth analysis because the observed luminescence prop-
erties are not related to a single species or may be due to
different excited state geometries. However, the modelling
of the kinetic processes for population of the emitting
excited states involved in the TADF process assumes a
three-state-scenario between S,, S; and T,, with each of
them exhibiting only one geometry that is dominantly
responsible for the respective transition.

We were able to isolate larger quantities of single-
crystalline material of polymorph CZT3b that contains two
independent molecules in the unit cell with very similar
dihedrals Q of 29.9° and 36.2°, respectively, and which
exhibits only biexponential lifetime decays, allowing for a
more detailed analysis. Both decay channels contribute to
the TADF process as indicated by their VT behavior in
Figure 3. At 27K, we observed long lifetimes of 2.9 and
7.7 ms, which suggests that the involved triplet excited states
experience very weak SOC and that they differ in their
geometry or character. Upon increasing the temperature,
the excited states responsible for the two emission paths
interconvert as the relative contributions of z; and 7, change
(see below). Between 257-297 K, they appear to be in
thermal equilibrium (see Table S8) because the contribu-
tions remain constant and thus 7,, is an appropriate
approximation to evaluate k., of CTZ3b, giving a record
value for Zn"-based emitters of 1.2x10° s and high ®=0.49
at room temperature (Table 1).

Fitting the VT lifetime data of either the single lifetime
components of CZT3b or their average according to eq. 1 in
the temperature range between 27-297 K using an estab-
lished three-state kinetic model provides deeper insight into
the TADF parameters. The obtained energy gap AEg; 1,
appears to be as low as 56 meV (452cm™'), which is
sufficiently small to allow for efficient rISC T,—S;, and in

Table 1: Photophysical data of CTZ1-3 in the solid state and doped in polymer matrices (1 wt-%).

medium T/K Anx/nm 2mv/ps @ b | g1 medium T/K Anax/nm 2rv/pys @ b [ s1

CZT1 Powder 297 560 0.63 0.28 4.5x10° CZT3 Powder 297 580 0.45 0.33 7.3x10°
77 556 1940 0.49 2.5x102 77 570 1149 0.76 6.6x102

PMMA 297 570 0.28 0.02 7.2x104 PMMA 297 592 0.30 0.16 5.3x10%

PS 297 605 0.19 0.01 5.2x104 PS 297 625 0.21 0.12 5.7x10%

CZT2 Powder 297 583 0.17 0.13 7.5x105 CTZ3a Crystals 297 577 0.95 0.29 3.1x10%
7T 568 46 0.31 6.7x103 (©Q =6-43°) 77 561 1220 0.48 3.9x102

PMMA 297 590 0.22 0.06 2.7x10° CTZ3b Crystals 297 580 0.39 0.49 1.2x108

PS 297 607 0.21 0.03  1.4x10° (2 =30/36°) 77 553 346 0.97 2.8x108

? For multiexponential decays, the amplitude averaged lifetimes are given (see also Supporting Information). ® k,=®/1.
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Figure 3. Top: Temperature-dependence of the averaged radiative life-
time 7,,4,, of CZT3b and relative contributions of 7, and 7,. Bottom:
Temperature-dependence of 7, and 7,. The black lines represent the fit
of the experimental data according to eq 1, and the obtained fitting
parameters of the TADF are given in the graphs.

combination with a short zg; =34-79 ns (kp=1.2-2.9x10"s7")
for fast TADF (Figure 3).

1 3+ exp [— %}
o v

k_r = Typa =

As mentioned above, our DFT/MRCI calculations of the
model compound CZT1 show that tilted, near-planar and
orthogonal conformations of the ligands are very close in
energy in the electronic ground state S,. A similar situation
is found for the singlet and triplet excited states S, and T,
which are responsible for the TADF mechanism. On the
'"LLCT(nr*) potential energy surface, a slight preference for
the planar conformer is observed, with the tilted (AEg =
160 cm™') and orthogonal (AEg =260 cm™") being margin-
ally higher in energy. Despite their small energy differences,
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Figure 4. DFT/MRCI excitation energies of the relevant states at differ-
ent geometries for model compound CZT1 (tilted conformer). All
energies are calculated relative to the ground state energy at the S,
geometry.

the minima exhibit considerably different photophysical
properties and thus may explain the observed multiexponen-
tial lifetime decays as well as the different T, lifetimes at
very low temperatures (Table2). The variation of the
fluorescence rate constant follows the expectation that the
oscillator strength of a 'LLCT(n*) transition is highest for a
coplanar orientation of the donor and acceptor moieties,
giving kr=1.0x10" s"'. Even the increase of the phosphor-
escence rates with increasing twist angle can be explained by
a simple model based on El-Sayed’s rules. Because SOC
preferentially couples ’*mn* states with 'nm* states, the
*LLCT(nn*) phosphorescence primarily borrows intensity
from an energetically higher lying, spin-allowed 'LLCT
(nn*)—S§, transition (Figure 4 and Tables S10-S13), which is
strongest for the orthogonal conformer and leads to kp=
939 s~ (Table 2). Here, the highest occupied nonbonding
sulfur n MO and the C-N antibonding n* MO of the
carbene exhibit similar symmetry properties (Figure S17),
thus facilitating the electric dipole transition.

Highly important for the TADF efficiency and evalua-
tion of structure—property relationships is the finding that
ISC and rISC become ultrafast in the tilted conformation of
the S; and T, states (Table 2). At 298 K, these formally spin-
forbidden processes occur with calculated rate constants of
kisc=3x10" and k,;sc=5%10"s" due to the unusually large
mutual "*LLCT(nn*) SOC in combination with a small
energy gap AEg, p, of only 153 cm™'. Typically, singlet and

Table 2: DFT/MRCI calculated parameters of the model complex CZT1 relevant for the TADF process of this general class of emitters.

Z SOCME2/ cm?

Conformer  Dihedral AE(S1-T1)b / kisce/ s+ knsce | s*1 kel s ke /s ktaord [ s
angle Q2 cm-’ T
$1 1 298 K 77K 298 K 77K
Planar 10/17/13° 195/281 3.1 1.8 2x109 1%109 6x107 9x108 1.0x<107 2 3.3x10°
Tilted 40/38/36° 223/1563 21.6 20.1 3x107 3x1010 5x109 7x108 7.8x108 31 1.2x108
Ortho 76/76/80° 157/594 8.9 T2 5x10° 6x10° 9x 106 1x104 1.3x106 939 3.5x103
Kinked —/29/31° 133/155 22 3.4 2x109 4x108 4x108 1x107 7.4x104 1570 3.5x103

* For the definition of Q, see Scheme 2. Values are displayed for So/S,/T;. ® Adiabatic energy gap excluding/including zero-point vibrational energy
corrections. < kisc and k,sc have been calculated independently. ¢ kyapr =k (Kuisc/kisc)
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triplet states with similar electronic structures exhibit tiny
SOC matrix elements. However, the bdt ligand in the tilted
conformer is slightly kinked at the sulfur atoms, which leads
to a small admixture of LLCT(nn*) character into the
LLCT(nn*) wavefunction, sufficient to increase the SOC
because the n and n orbitals both exhibit large amplitudes at
the sulfur centers (Figure S18). In addition, the relative
excited state kinetics kigco/ksc provide the most favorable
steady-state equilibrium T,<S; for the tilted conformation
with Q values as observed for polymorph CZT3b, giving a
theoretically calculated rate constant for delayed
fluorescence of kpapr=1.2x10°s" at 298 K (Table 2). This is
fully consistent with the obtained experimental value and
thus provides a structural design criterium for exceptionally
fast TADF in Zn" complexes.

Although the global minima of the S; and T, states are
of "LLCT(nr*) character, local minima arise from the
LLCT(nn*) excitation with a conformation, which does
not have a counterpart in the electronic ground state
(Figure 4 and Table S13). Characteristic of the nuclear
arrangements are bdt kink angles (S—Zn—S—C) close to 50°,
which are unfavorable for the LLCT(nn*) electronic struc-
ture, resulting in a conical intersection of their potential
energy surfaces (Figure 5).

Adiabatically, the "*)LLCT(nn*) minima are located ca.
1500 cm™! above the planar "*LLCT(nr*) structures. Due to
the large geometry displacements between the initial and

KTy |Hso | 'LLCT (mc*))|?

10,000
1,000 E
100 By
(T |Hso |*LLCT (™)) |2 10 S
(=]
T T 1 2
1 2 3
'LLCT (nm*) ;LLCT (rmr*)
SLLCT (nm*) /- LLCT ()
0.40 3 s :
019 = e 2
0.00 —— 3
i3 3 IRC

Figure 5. Bottom left: Schematic energy profiles of the 'LLCT (solid
lines) and *LLCT states (dashed lines) of CZT1 along an intrinsic
reaction coordinate (IRC) connecting the minima of the *LLCT (nz*) (1)
and *LLCT (nn*) (3) states. The crossing point (2) of the *LLCT (nn%)
and *LLCT () potential energy surfaces is located energetically

0.21 eV above the *LLCT (n*) minimum and 0.40 eV above the

’LLCT (n*) minimum at the DFT/MRCI level of theory. Molecules
populating initially the LLCT (nm*) states decay preferentially to the
LLCT (nn*) state which emit prompt and delayed fluorescence. Bottom
right: Nuclear arrangements of CTZ1 at the geometry points 1-3. The
bdt ligand is strongly kinked in the *LLCT (n*) state whereas the
benzene and S—Zn-S plane exhibit an angle close to 180° in the

LLCT (nn*) state. Top: Spin-orbit strength of the T, state at the
geometry points 1-3. T, exhibits *LLCT (nn*) at points 1 and 2 and
*LLCT (nm*) character at point 3.
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final states, (r)ISC rate constants cannot be determined with
high confidence. However, based on values of ~10* cm ™ for
the component-averaged squared “*LLCT(nm*)-""LLCT
(m*) SOC, downhill ISC processes are estimated to proceed
on the (sub)nanosecond timescale, despite the moderate
vibrational overlap. Uphill *'LLCT(nn*)-"*LLCT(nn*) tran-
sitions are not expected to occur. Considering the compara-
bly low kr (Table?2), 'LLCT(nn*) fluorescence cannot
compete against nonradiative deactivation. Noteworthy, the
weaker SOC and smaller kg of the non-tilted conforma-
tions results in diminished calculated krapr values of
3.5x10°-3.5x10° s !, which explains the different experimen-
tal radiative rate constants found in dependence of the
aggregation state or medium at room temperature in these
geometrically fluxional emitters (Table 1).

Conclusion

The monomeric Zn" TADF emitters CZT1-3 reported
herein exhibit greatly increased k, by up to one order of
magnitude and 25-fold enhancement of ¢ in comparison to
previously reported dimeric [Zn(bdt)(McAAC)],, although
the electronic properties of the Y™ cAAC ligand generally
resemble those of the less bulky derivate M*cAAC. Time-
resolved variable temperature luminescence studies on
polymorphs of [Zn(bdt®")(M""cAAC)] (CZT3) in conjunc-
tion with high-level DFT/MRCI calculations revealed that
the relative orientation of the ligands involved in the
"LLCT states is paramount to control the TADF proper-
ties. The inefficient TADF dimers [Zn(bdt)(*cAAC)],
feature bdt ligands lying entirely out of the plane of the
carbene ligand (Scheme 1). In contrast, the dihedral angle of
33-36° in CZT3b leads to very efficient rISC on the order of
10°s™ due to SOC mediated by the sulfur atoms in
combination with a small AEg, ; of ca. 56 meV. Conse-
quently, a high kpapr=1.2x10°s"! is obtained at room
temperature, which is exceptional for Zn" based emitters
involving triplet excited states.

A comparison with other Zn" complexes emitting via
TADF is imperative and highlights our design strategy using
"SLLCT states that can be sterically controlled for achieving
high k,. Adachi and co-workers demonstrated that Zn"
complexes emitting via TADF from '"ILCT states can
achieve kpapr Of ca. 2x10*s™ ..MM Luminescent Schiff-base
Zn" complexes have also been reported to show TADF
from an equilibrium of "ILCT states, albeit with low
quantum yields as the major decay path is prompt
fluorescence and ISC/ISC processes are inefficient.!'”
Clearly, the construction of nearly degenerate ““LLCT/
LMCT states with SOC contribution from the heteroatoms
of the ligands is superior and leads to the fastest Zn" based
triplet emitters to date, of which the krypr of up to
1.2x10°s™" are even competitive to well-established triplet
emitters applied in commercial devices based on rare 4d/5d
transition metals.
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