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It is generally perceived that a fast reverse intersystem crossing rate of Ty — S; (kyisc) is crucial for efficient
organic thermally activated delayed fluorescence (TADF) emitters. Herein, we demonstrate the non-
radiative decay rate of T; — So (kt,) for transition metal complexes that is even more important. We
calculated the interconversion rates among Sg, S; and T; states for two Au(n)-TADF complexes with
triphenylamine (TPA) as a donor moiety but with quite different quantum efficiencies: one with
a moderate efficiency of 79% and the other with a high efficiency of 94%, and we found that the former
has a much larger kisc (~101° s73) than the latter (~107 s73). Such contradictions with the conventional
picture are attributed to the relatively large k!, (~10® s for the former, leading to an overall lower

quantum efficiency. Thus, we propose a novel molecular design descriptor (the triplet non-radiative
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Accepted 26th August 2020 decay rate ky,) for highly efficient transition metal TADF emitters. Further, we find that tetradentate ligand
scaffolds with 5-5-6 membered chelate rings could reduce k}, to <10° s7* for Au(i)—~TADF complexes,

DOI: 10.1035/d0ta07145h thereby achieving quantum efficiencies above 90%. Based on this theoretical guideline, we have
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Introduction

Materials that exhibit thermally activated delayed fluorescence
(TADF) are attractive for electroluminescence due to their 100%
attainable internal quantum efficiency (IQE).* Within the TADF
mechanism, the electro-pumped triplet exciton could be con-
verted to a singlet for fluorescence through reverse intersystem
crossing (rISC).2 The efficiency of rISC is decisive in determining
the performance of TADF emitters and is enabled by the small
singlet-triplet energy splitting factor (AEsy) that can be achieved
in donor-acceptor structured molecules, in which charge-
transfer (CT) characters dominate the lowest singlet (S;) and
the lowest triplet (T,) excited states.> Meanwhile, a sizable spin—
orbit coupling (SOC) between singlet and triplet excited states
((S|Hsoc|T)) is indispensable for an efficient rISC.* Generally,
the SOC in pure organic molecules is very small (typically
<1 em™"),® while it is large in transition metal TADF complexes
(not large enough for efficient phosphorescence at room
temperature as in Ir or Pt complexes) due to the heavy atom
effect so that a fast ks up to 10°-10"° s could be achieved
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proposed nine newly designed Au(in) complexes and predicted their high TADF efficiency.

with a small AEgr.*” In this regard, numerous efficient TADF
materials containing transition metals, including Cu(1),**?
Ag(1),"*** Pd(u),"” Au(1),*'* and Au(m),"”** have been widely
synthesized and characterized owning to their moderate SOC,
which is larger than that for pure organic compounds. Larger
SOC may facilitate S; <> T, electronic transitions, but they may
also lead to fast non-radiative decay rates of T; — S,
(k%) (Scheme 1). For pure organic compounds, AEg was
generally believed to be a TADF descriptor since a small AEgy
implies a large k;is.. However, if we look at the two Au(u)-TADF
complexes reported in recent experiments,'”** one showed 94%
TADF efficiency and ks = ~10” s™*, while the other showed
79% efficiency and kg ~ 10" s, and it is clear that AEgr, or
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Scheme 1 Excited-state decay and conversion processes including
radiative (k;) and non-radiative (k3,) decay of S; — So, radiative (k}) and
non-radiative (k7\,) decay of Ty — Sy, intersystem crossing of S; — Ty
(kisc), and reverse intersystem crossing of Ty — S; (Kyisc).
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kiise 1S no more a good descriptor. Thus, for transition metal
complexes with relatively large SOC, we suggest to use k., as
a molecular descriptor. The rates involved in TADF
(8, 11y KL, Khe, Kige, and kg in Scheme 1) can be calculated
using first-principles via the thermal vibration correlation
function (TVCF) method that we developed earlier,® from
which, the overall TADF quantum efficiencies (¢rapr) can be
evaluated as: ¢rapr = [PrscPrisc/(1 — PiscPrisc)] X ¢r, Where
$r1sc = kisc/(kisc + kf + kir); $risc = krisc/(krisc + k;r + kgr)v and ¢dr =
kf/(kisC + 15+ kflr).21 Through extensive theoretical studies, we
have proposed a molecular design method to reduce kp,, based
on which we have designed nine Au(m)-TADF complexes, all
with ¢rapr > 90%.

Results and discussion

In this study, all density functional theory (DFT) and time-
dependent DFT (TDDFT) calculations were performed at the
PBE0/6-31g(d, p)/SDD level. Spin-orbit coupling (SOC) calcula-
tions for the singlet and triplet states were carried out with the
ORCA program.”” T; — S, transition dipole moments were
calculated by the Dalton program.* More detailed computa-
tional approaches can be found in the ESL{

The skeleton of Au(m)-TADF emitters with a donor (TPA)-
acceptor (C*"N~C tridentate ligand or C*"N~C part of the tetra-
dentate ligand) structure is shown in Chart 1, based on which
we carried out the computational study and molecular design.
Firstly, we theoretically evaluated complexes 1 and 1L-O that
have been characterized in experiments. The calculated dihe-
dral angle of aryl moieties for complex 1, as depicted with yellow
lines in Chart 1, is 58.84° (experimental value is 53.57°),"” which
is higher than that of 1L-O (16.63°) owing to its less restrained
donor and acceptor moieties. From the natural transition
orbital (NTO) analysis in Fig. 1, it can be seen that although
both singlet and triplet electronic transitions are dominant with
ligand-to-ligand and ligand-to-metal charge transfers (LLCT/
LMCT) for the two complexes, 1L-O has the hole NTOs
distribute less on Au-C coordinate bonds and has the electron
NTOs distribute more on the aryl moiety of TPA than that on 1.
The calculated fluorescence emission wavelengths for 1 and 1L-
O are 522 nm and 528 nm (experimental observations are
528 nm and 533 nm), respectively. More detailed information
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Chart 1 Chemical structures of complex 1 and tetradentate Au(i)—
TADF complexes with O (1L-O) or C (1L-C)-bridged/spiro-arranged
ligand scaffolds.
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Fig.1 The hole and electron pairs for S; — Sg and T; — Sq transitions
obtained by the natural transition orbital (NTO) analysis at optimized Sy
and T, geometries of complexes 1, 1L-O and 1L-C (isovalue = 0.02).

on structures and transition properties can be referred in the
ESL+

On the basis of electronic structures obtained from the
Gaussian program (see ESIt), interconversion rates are calcu-
lated and are listed in Table 1. Herein, only the T, state is below
the S; energy state, and AEr g, is much larger than AEgr, as
shown in Fig. S2;1 thus, the three-state model shown in Scheme
1 is valid. It can be seen that both k;s. and k5. for complex 1 are
~10" s, and its ¢rapr is calculated to be 78% (experimental
observation is 79% (ref. 17)), indicating the reliability of our
TVCF method, which is by the first-principle method without
using any empirical parameters. However, this is not as high as
expected (over 90% for pure organic emitters). In contrast, ¢rapr
of 1L-0O is 93% (experimental observation is 94%," in good
agreement again) but with a calculated kg ~ 107 s~', much
lower than 1 but with a higher TADF efficiency. The calculated
AEg;t, for 1 and 1L-O are 0.01 and 0.09 eV, respectively. Hence,
AEg 1, 0T kise is no more a good descriptor for these types of
TADF emitters. Instead, from Table 1, we note that complex 1
has more than 2 orders of larger magnitude kL. than the 1L-O;
therefore, an efficient TADF transition metal complex should
have small kp,, which could be a novel molecular descriptor.

If we approximate the intersystem crossing rates as ki
[(S|Hsoc|T)|* exp(—AG), where AG = (—AEgy + Asr)*/4Ast (Ast is
the reorganization energy),* then for the T; — S, non-radiative
decay k., the difference between 1 and 1L-O is determined
largely by SOCs, r, and Ag r,, since the difference in AEg r, is tiny
(~0.1 eV). It is shown in Table 2 that SOCg r, for 1L-O is about
half of that of 1 due to the decrease in the metal Au component
in the virtual orbitals involved. This leads to a factor of 4 in
ki (square of SOCsr). We note that the difference in &y, is
about 120 times. Therefore, A5 1, is the most responsible factor
to account for the drastic reduction of kr,. We then analysed the
total Agr, of T, — Sy by decomposing them onto energy relax-
ation through internal coordinates, as depicted in Fig. 2a-d for
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Tablel Calculated interconversion rates (s~
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B among So, S, and Ty states, and TADF quantum efficiency (¢tapf) for complexes 1, 1L-O, and 1L-C.

The k,  is calculated by k. = 3k + k¥ exp(—AEs1,/ksT/[3 + exp(—AEs 1 /kgT)l from ref. 17. The available experimental results are listed in
parentheses

K (x107) K (x10% kF (x10%) kR (x10%) kise (x10%) Krise (x10%) k. (x10%) DrapF
1 0.65 3.04 2.75 118 221 147 10.4 (11.1)* 0.78 (0.79)*
1L-O 3.19 6.60 1.80 0.97 5.05 0.20 2.98 (5.84)b 0.93 (0.94)b
1L-C 3.33 22.22 1.78 1.62 21.43 0.56 2.73 0.96

“ Data from ref. 17.  Data from ref. 19.

Table2 Calculated energy gap between S, and T, states (AEs 1), energy barrier of Ty — S; (AGs 1)), SOC between S1/Sg and T; states calculated at
optimized T, geometries, and reorganization energies (1) between S;/Sg and T; states for complexes 1, 1L-O, and 1L-C

AEs 7, (eV) SOCs,r, (cm™) Js,r, (em™) AEs 7, (eV) SOCs 1, (cm™) Js;r, (em™) AGs,r, (eV)
1 2.55 186 1676 0.01 4 363 0.02
1L-O 2.43 93 1542 0.09 3 127 0.18
1L-C 2.42 142 1578 0.10 10 73 0.30

1 and 1L-O. It is revealed from Fig. 2a and c that the Ag r, of 1L-O
is 100 cm ™!, which is smaller than that of 1 due to the weakened
vibronic couplings for low-frequency modes. From Fig. 2b and
d, it can be seen that both donors and acceptors contribute
primarily to non-radiative decay processes in complex 1, while
for 1L-O with the O-bridged/spiro-arranged C*C"N”C ligand
scaffold, the dominant contributions in Agr, are from the
acceptor moiety, without any appreciable contribution from
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Fig.2 The T; — Sp reorganization energies and projections onto the
internal coordinates for complexes 1 (aand b), 1L-O (c and d), and 1L-C
(e and f).
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bond/dihedral angles. Thus, we proposed that the tetradentate
ligand scaffolds with 5-5-6 membered chelate rings can reduce
the vibronic couplings in the TPA moiety; thereby reducing
kb to <10° s

Under such theoretical guidelines, new tetradentate Au(ur)-
TADF complexes 1L-C and 1L-N with C/N-bridged/spiro-
arranged C*C"N~C ligand scaffolds are proposed first (Charts
1 and S1t). Nevertheless, 1L-N is calculated to have quite a low
TADF efficiency (¢rapr < 0.1%) because its AEg r, is too large
(0.28 eV) caused by the large intra-ligand (IL) nature for both S;
and T, states, as shown in Table S4 and Fig. S3.1 This means
that a small AEgy, is still a prerequisite for TADF, but for
molecules with relatively larger SOC, it is not enough.

For 1L-C, the dihedral angle of aryl moieties, as depicted in
Chart 1, is 27.70°, and its electronic transition properties are
similar to those of 1L-O, as shown in Fig. 1. The calculated
fluorescence emission wavelength of 1L-C is 527 nm, as listed in
Table S5.1 It can be seen from Tables 1 and 2 that with the C-
bridged/spiro-arranged tetradentate ligand scaffold, the k.. of
1L-C reduced to ~10% s, resulting in an elevated ¢rapr to 96%,
although its ks is 2 orders of magnitude smaller than that of
the complex 1. Additionally, the S; — S, non-radiative decay
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Chart 2 Chemical structures of complexes 1L-O1-1L-O8.
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Fig. 3 Line graphs of ¢rapr. log(kIr), log(kisc), and AEs t, values for all
complexes investigated in this study.

rate (k3,) is increased by less than one order of magnitude for
1L-C, which is due to the slightly increased non-adiabatic
coupling (NAC), as shown in Fig. S5.f However, main chan-
nels of S; — S, non-radiative decay among complexes 1, 1L-O
and 1L-C are similar, as shown in Fig. S6.}

We have demonstrated above that for efficient transition
metal TADF emitters with relatively large SOC, only a small
AEg 1, is not enough. Instead, a low kL. should come first. Based
on the frame of 1L-O complexes, we designed a series of
complexes 1L-01-1L-08, as shown in Chart 2. The predicted
TADF efficiencies range from 94% to 99%. This is because of the
separation of the hole and electron NTOs through the addition
of electron-withdrawing (electron-donating) groups on acceptor
(donor) moieties as well as through the shifting of the position
of the pyridine ring within the tetradentate ligand that become
C~C*C”N and C"N~C~C ligand scaffolds, thereby decreasing
AEg 1, while keeping ky, small (Fig. 3). Expectedly, kr, of these
complexes is all <10° s™, and k. is comparable to or larger
than that of 1L-O. The relevant rates are listed in Table S8.T We
stress that 1L-O8 possesses a ¢rapr Of up to 99%.

Conclusions

In summary, we proposed the lowest triplet non-radiative decay
rate (ky;) that should serve as a novel molecular descriptor for
highly efficient transition metal TADF complexes from our
credible DFT/TDDFT/TVCF calculations. From our theoretical
evaluations of two Au(u)-TADF complexes with a TPA donor,
the one with sizable ks ~ 10'° s™! has a lower ¢rapr of 79%
than the other with much smaller ks ~ 107 s~* and higher
¢rapr Of 94%, which is due to more than 2 orders of magnitude
larger kr. of the former than the latter. Therefore, for efficient
transition metal TADF emitters with relatively large SOC, AEg r,
or kiisc is no more a good descriptor as for pure organic TADF
emitters. Instead, a slow ki is more important. To suppress
kn. in Au(m)-TADF complexes with a TPA donor, employing O/C-
bridged tetradentate ligand scaffolds is effective in which
SOCg,r, and electron-vibration coupling in the TPA moiety are
markedly decreased, and ¢rapr are lifted up to >90%. Impres-
sively, among the nine theoretically designed Au(m)-TADF
complexes, 1L-0O8 is found to demonstrate a TADF quantum
efficiency of 99%. Given the importance of the TADF molecules
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in the field of OLEDs, we believe the theoretical investigations
presented in this communication can serve as guidance to both
theoretical and experimental works in the future.
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