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Abstract

We present the synthesis, optoelectronic characterization, and a detailed theoretical
study of DMAC-py-TRZ, a novel, efficient TADF emitter. This compound is a structural
relative of the well-known TADF compound DMAC-TRZ, substituting the bridging
phenylene for a pyridyl group. This marginal change has an enormous impact on the
structure and hence on the photophysics as the steric interactions between the DMAC
donor and the bridge that force DMAC-TRZ into an orthogonal conformation are
attenuated and permit DMAC-py-TRZ to adopt a planar and slightly bent structure in the
ground state. The large degree of conjugation in the bent DMAC-py-TRZ structure,
demonstrated by the strong intensity of the lowest excitation with CT character, is
responsible for a large singlet triplet gap, hence hindering TADF of this bent conformer.
The computational analysis predicts that emission occurs, however, from a relaxed
orthogonal excited-state geometry, as confirmed by the huge Stokes shift observed in non-
polar solvents. In this relaxed orthogonal geometry TADF is indeed observed. Emission
from the unrelaxed state is recovered in glassy frozen solvents, where the emission band
is largely blue-shifted compared with measurements in liquid solvent, and TADF is
quenched. In amorphous matrices, structural disorder leads to the coexistence of both
conformers, even if, depending on the emitter concentration, dual fluorescence may
disappear due to a fast energy transfer from the bent to the orthogonal conformers. We
maintain that this efficient energy transfer is responsible for the good efficiency of DMAC-

py-TRZ devices, because of the presence in the matrix of a sizable proportion of



compounds that adopt the bent structure, favorable to act as the host for the orthogonal

TADF conformer of DMAC-py-TRZ.
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Introduction

In an organic light-emitting diode (OLED), electrons and holes, injected in the device from
opposite electrodes, combine to form excitons. According to spin statistics, 25% of the
electrically generated excitons are in a singlet state and 75% are in a triplet state. If the
excitons form on a fluorescent molecule, emission will only occur from the singlet
excitons, effectively limiting the device Internal Quantum Efficiency (IQE).
Phosphorescent dyes harvest both singlet and triplet excitons to emit light from the triplet
excited state resulting in an IQE of up to 100%. Most phosphorescent emitters, however,
contain noble metals such as platinum or iridium, among the scarcest elements on Earth.1-
3 Thermally activated delayed fluorescence (TADF) offers a different yet equally appealing
strategy to triplet harvesting where 100% IQE is also possible in the device. In TADF
emitters, dark triplet excitons are thermally upconverted into emissive singlets via
reverse intersystem crossing (RISC). RISC is possible when the energy gap, AEst, between
the lowest lying singlet and triplet excited states is of the order of the thermal energy (ca.
< 0.02 eV), provided that spin-orbit coupling (SOC) between the two states is non-
negligible. To minimize AEsr, the overlap between the HOMO and LUMO of the molecule
must be reduced, localizing the two orbitals in separate electron-donating (for the HOMO)
and electron-accepting (for the LUMO) parts of the molecule.# This separation is most
often obtained by enforcing a large dihedral angle between the electron donor and
acceptor moieties.> This strategy, however, leads to a reduction of the fluorescence
efficiency and, according El Sayed rule,® to a reduction of the spin-orbit coupling between

the singlet and triplet states as well.

Two of the most common moieties employed as donors and acceptors, respectively, are
9,9-dimethy-9,10-dihydroacridine (DMAC) and 2,4,6-triphenyl-1,3,5-triazine (TRZ), and
the combination of the two produces the emitter DMAC-TRZ, first reported by Tsai et al.”

DMAC-TRZ shows a very high photoluminescence quantum yield, ®p1, of 90%, at ApL of



495 nm, as an 8 wt% doped film in mCPCN [9-(3-(9H-carbazol-9-yl)phenyl)-9H-
carbazole-3-carbonitrile]. In DMAC-TRZ, the AEsr amounts to a few tens of meV,
depending on the host matrix, with a delayed fluorescence lifetime of 1.9 us in mCBPBN,
in line with an efficient RISC process.® The OLED shows a high maximum external
quantum yield, EQEmax, of 26.5% at Ag., of 500 nm, while devices prepared from neat
DMAC-TRZ films show a comparable EQEmax of 20.0%.” The modest reduction of the
EQEmax at high concentration can be understood in terms of the orthogonal conformation
of the emitter, which effectively prevents aggregation. Both the doped and non-doped
devices show a relatively small efficiency roll-off, with an EQE100 of 25.1% and 18.9%,

respectively.

The emitters a-DMAC-TRZ° and MA-TA!? are derivatives of DMAC-TRZ where
adamantane groups are incorporated into the structure (Figure 1). In a-DMAC-TRZ, the
adamantane-functionalization of the donor moiety leads to a deformed structure that
results in an increased optical gap and thus a bluer emission. Dual fluorescence is
observed from two different conformers, but overall, the electroluminescence (EL)
performance remains similar to the DMAC-TRZ OLED, with an EQEnax of 28.9%, yet with
a AgL of 488 nm. In the report by Wada et al,' the replacement of the distal phenyl
moieties on the TRZ with adamantyl groups results in a weaker acceptor, leading to a
blue-shifted electroluminescence compared to DMAC-TRZ. The adamantyl substitution
also reduces the non-radiative decay leading to a ®pr,of 99%. The blue solution-processed
device (AgL of 475 nm) shows an EQEmax at 22.1%. Conversely, replacement of the distal
phenyl rings in TRZ by electron-withdrawing pyrimidines (DMAC-bPmT) results in a red-
shifted emission (ApL of 520 nm vs 500 nm for DMAC-TRZ in toluene).!! The delayed
emission lifetime of DMAC-bPmT is 3.3 us in toluene, which is shorter than that of DMAC-
TRZ at 8.8 ps in the same medium. The RISC rate constant, krisc, of DMAC-bPmT is
8.8x105 s71, is three times faster than that of DMAC-TRZ (2.9x10° s-1). However, its ®p,
of 70% in toluene is reduced compared to that of DMAC-TRZ (®prL. = 93% in toluene).
Rajamalli et al.,'? and Dos Santos et al,, 13 showed that the introduction of a heteroaromatic
bridge in sulfone-based D-A TADF emitters can prevent structural relaxation, enhance ®py,
and improve the color purity due to the narrower emission, and demonstrated an

improvement in the efficiency of the devices compared to that with the reference emitter



pDTCz-DPS. The materials in the study of Rajamalli et al, 12 pDTCz-2DPyS, and pDTCz-

3DPyS, both show good ®pL of ca. 60%. The blue OLEDs, at At of 466 nm and 452 nm for

the devices with pDTCz-2DPyS, and pDTCz-3Dpy, respectively, showed EQEmax ~12-

13%, which are considerably improved over the parent device with pDTCz-DPS (EQEmax

of 4.7%). Dos Santos et al., 13 showed that the addition of second nitrogen atom within the

bridging heterocycle in pDTCz-DPzS, and pDTCz-DPmS contributed to a further

enhancement of the EQEmax to 18% and 14%, respectively, at AeL of 522 nm and 461 nm

for the devices with pDTCz-DPzS, and pDTCz-DPmS, respectively.
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Chem Asian J., 2021, 16, 1073-1076
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TP5P-PXZ
AEgr: 0.05 (QE-1), 0.02 (QE-2)
JpL: 555 ; Dp,: 47% in neat film
gLt 560 nm; EQEpay: 14.6%
Angew. Chem. Int. Ed.
DOI: 10.1002/anie.202108943

Figure 1. Molecular structures of selected emitters from the literature with selected

photophysical and device performance data.

The impact of intramolecular H-bonding on the photophysics of TADF emitters was also

investigated by Chen et al. in two phenoxazine-based emitters PXZ-PPO and PXZ-B0O.14
PXZ-B0OO shows TADF, relevant devices having EQEmax of 19.4% at Ag. of 528 nm. In THF

solution, PXZ-PPO is present as a mixture of two conformers, a more planar structure

with N-H interaction and a twisted structure, where hydrogen bonding is not present. The

planar conformation emits in the deep blue at 420 nm but shows no TADF, while the

twisted conformer shows green TADF (610 nm) but with a very short lifetime of 170 ns.



The planar conformer is dominant in the crystalline phase, while in solution the twisted
conformer is largely responsible for the observed photophysics, giving rise to TADF. The
PXZ-PPO-based device, with EQEmax of 14.1% at AgL of 528 nm, is slightly inferior to the
OLED based on PXZ-B0OO, which has an EQEmax of 19.4% at AgL of 528 nm.

The presence of two conformers of a TADF emitter has also been documented by Shi et al.
in the TRZ derivative compounds TP2P-PXZ and TP5P-PXZ.1> Phenoxazine and a central
pyridine bridge were used to promote the formation of an intramolecular hydrogen bond
in TP2P-PXZ, while in the control compound TP5P-PXZ this interaction is absent. The
presence of quasi-equatorial (QE) and quasi-axial (QA) conformations of TP2P-PXZ led
to a self-doped system, where the QA conformer effectively acts as the host material. This
led to an efficient OLED with an EQEmax of 25.4% at A of 548 nm while the performance
of the device with TP5P-PXZ was somewhat attenuated with an EQEnax of 14.6% at a
slightly red-shifted Ag;, of 560 nm.

These examples show that modification of the nature of the aromatic bridge in a TADF
emitter can lead to significant changes in the molecular geometry, with the co-existence
of different conformers that show distinctive photophysics. In this work, we introduce the
emitter DMAC-py-TRZ, where the phenylene bridge in DMAC-TRZ’ is replaced by a 2-
pyridyl bridge. DMAC-py-TRZ emits at Ap. of 539 nm and has a ®pL of 58% in toluene
solution while as a 10 wt% doped mCP film the Ap. is 496 nm and the ®pL is 57%. Its
crystal structure (Figure 2) documents a small dihedral angle between the DMAC and
pyridyl bridge of 19.7(2)° and a V-shaped or bent structure of the DMAC donor, with an
associated bending angle (deviation from a planar conformation) of 45°. This behaviour
is in line with that observed by Shi et al.1> We present an in-depth computational study
and an extensive optoelectronic and photophysical characterization that showcases the
impact that conformational changes in the excited state and not just in the ground state

have on the photophysics of the compound.
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Figure 2. a) and b) The crystal structure shown as ORTEP at 50% ellipsoid probability; c)
and d) the molecular structure; e) and f) the calculated ground state structure of DMAC-

TRZ and DMAC-py-TRZ.
Computational Analysis

The ground-state geometries of DMAC-TRZ and DMAC-py-TRZ were optimized in the gas
phase using density functional theory (DFT) at the M062X/6-31G(d) level of theory.16.17.18
The excited-state energies were calculated using time-dependent density functional
theory (TD-DFT) within the Tamm-Dancoff approximation!? at the same level of theory
(TDA-DFT). We employ the term “orthogonal” to describe the structure with a dihedral
angle between the DMAC and the bridge that is close to 90° and we dub as “bent” the

structure with the small dihedral angle and V-shaped geometry of the DMAC.

In a recent publication,?? an extensive computational analysis of DMAC-TRZ set the basis
for a few-state model that was carefully validated against spectroscopic properties in
solution. Then the same model was exploited to calculate ISC and RISC rate constants, also
accounting for environmental effects including dielectric and conformational
disorder.2122 In the ground-state equilibrium geometry of DMAC-TRZ, the DMAC and
TRZ moieties are mutually orthogonal (Figure 2), in line with the crystal structure.?0 In
this orthogonal geometry, the S; and T: states each have a pure charge transfer (CT)
character. In other terms, the HOMO and LUMO have negligible overlap so that the singlet-

triplet gap is almost closed, with AEst= 0.01 eV. The close similarity between the orbitals



involved in S; and T states implies a vanishing SOC, according to El Sayed’s rule®, as to

hinder direct RISC from T; to Si.

As for the excited states of DMAC-TRZ, S; (with a strong !CT character) retains an
orthogonal geometry, while T1 (3CT) undergoes a large conformational deformation
where the dihedral becomes ~60°. At this angle, AEsrincreases as does SOC. A rigid scan
of the dihedral angle of DMAC-TRZ (Figure S9c¢)?° is informative. Specifically, starting
from the optimized ground-state geometry, we calculated the ground and excited state
energies upon gradual rotation of the DMAC unit about the phenylene bridge without
allowing for any additional molecular relaxation (the dihedral angle for the scan is defined
in Figure S9a). The resulting So, S1, Tz and T3 potential energy surfaces (PES) all show a
flat minimum for the orthogonal geometry, while T1 shows a double minimum around
(90+£30)° angle.’® The molecular orbitals (MOs) and natural transition orbitals (NTOs)
shown in Figure S11 and S12 reveal that in the orthogonal structure, the HOMO is
localized on DMAC and the LUMO is on the TRZ.

In contrast with DMAC-TRZ, the ground-state optimized geometry of DMAC-py-TRZ has
a bent structure (Figure 2f), as also observed in the crystal structure (Figure 2b). To
better understand the structural differences between DMAC-TRZ and DMAC-py-TRZ, a
rigid dihedral angle scan of DMAC-py-TRZ starting from an analogous orthogonal
conformation to that of DMAC-TRZ has been performed. The rigid scan leads to a
qualitatively similar picture for the two compounds (Figure S9), with relevant MOs and
NTOs in Figures S11 and S$S12, showing the HOMO and LUMO localized on the donor and
acceptor moieties, respectively. The presence of the nitrogen atom in the pyridine bridge
effectively increases the electron-withdrawing strength of the acceptor, resulting in a
stabilized LUMO and a smaller HOMO-LUMO gap in DMAC-py-TRZ (Enomo - Lumo = 4.78 eV
for the orthogonal structure) vs DMAC-TRZ (Enowmo - Lumo = 4.99 eV for the orthogonal
structure). Accordingly, the S1 and T1 excitations occur at lower energy in DMAC-py-TRZ
than in DMAC-TRZ and both the S; and T states are stabilized compared to those of
DMAC-TRZ (Figures S9c¢ and S9d). The rigid energy scan, however, points to a large
increase of the ground-state energy when the dihedral angle deviates significantly from
orthogonality, so that non-orthogonal conformations are hardly accessible. To address
the bent conformer, we performed a relaxed scan of the dihedral angle, relevant results

being shown in Figure 3.



a) DMAC-TRZ@S, b) DMAC-py-TRZ@S,

0.3 i G 0.3 : -

Dashed line —rigid scan Dashed line — rigid scan

Solid line —relaxed scan Solid line — relaxed scan

-]
o
> » > o
2oz Jo2 Froiead
> >
2 2
[} L} (3]
| = c
° ' % °
= ol h E] a
3 0.1 . 2 0.1 .
o L 2 ]
< ] o <
a L -
- - a . -
- - @ L
0.0 . -u 00 ® »s
0 30 60 90 0 30 60 90
Dihedral angle / © Dihedral angle / °

DMAC-TRZ@S,-relaxed scan DMAC-py-TRZ@S,-relaxed scan

c) d)
4.2 4.2
R o .
| SN .
> = > 3.8 o °
D38 - O3 LI,
5 . 5
5 ‘e §4 5 S
c ° c 1
o ° . o 34 S
o
%34 T1 ° o e % T pl —
= o o o0 0o © = 1 o © ©
[} o © 2 o o0
2 o o © 2 0 00 0 0©
< <
3.0% = 3.02 =
0.2 S - 0.2 L
0 - " - SO f—
n-uwu " L ] L
0.0 . : " & p 5 g 0.0 n A = 1 = r
0 30 60 90 0 30 60 90
Dihedral angle / © Dihedral angle / ©

Figure 3. (a) and (b) compare the ground state (So) energy calculated as a function of the
dihedral angle in a rigid (dashed lines) and relaxed scan (continuous lines) for DMAC-
TRZ and DMAC-py-TRZ, respectively; (c) and (d) show the energies of the So, S1 and T
energies as a function of dihedral angle between DMAC calculated at the relaxed So

geometry for DMAC-TRZ and DMAC-py-TRZ, respectively.

The relaxed scans show that for each of the emitters, two minima are present,
corresponding to the orthogonal and bent structures. For DMAC-TRZ, the energy
difference between the two conformers amounts to 0.04 eV, slightly larger than thermal
energy at room temperature. The energy barrier for the interconversion between the two
conformers, 0.22 eV (21.2 kcal/mol), is, however, much larger than thermal energy so that
only the orthogonal geometry is expected to be significantly populated at room
temperature. The situation is very different for DMAC-py-TRZ where the bent conformer
(dihedral angle ~10°) is lower in energy than the orthogonal conformer by 0.20 eV and
the energy barrier for the interconversion between the bent and orthogonal conformers

is 0.20 eV (19.3 kcal/mol). Thus, at room temperature only the bent conformer is



populated. The MOs and NTOs calculated for the bent structure (Figures S11 and S12)
show that in both molecules there is a partial delocalization of the HOMO onto the
acceptor moiety and, for DMAC-py-TRZ also a partial delocalization of the LUMO onto the

donor moiety.

Divergent results are obtained for the excited state energies at the geometries relevant to
the rigid /relaxed scans of the dihedral angle (Figures 3c and 3d) of the two compounds.
For DMAC-TRZ, the rigid (Figure S9c) and the relaxed scans (Figure 3c) lead to the same
picture: the S; state maintains the same orthogonal conformation as the ground state,
while the T state is stabilized and adopts a twisted structure (dihedral angle: ~60°). Full
optimisations of S1 and T confirm this result.2? In the orthogonal geometry, the S; state is
an almost pure CT state and, hence, has a negligible oscillator strength. The scenario is
much more interesting for DMAC-py-TRZ. In the bent geometry (the energy minimum,
Figure 3b), the vertical excitation energy to S; amounts to 4.1 eV and the AEsr is 0.78 eV,
which is far too large for TADF to be operational at ambient temperature. Moreover, the
oscillator strength for the So—S1 is large (1.27, Figure S12c) in this geometry due to the
significant overlap of the orbitals involved in the transition (Figure 4a). However, the bent
geometry is not the equilibrium geometry for S; (Figure 4d) and a huge structural
deformation is predicted in the S1 state from the bent to the orthogonal structure. In other
terms, in DMAC-py-TRZ the absorption occurs from the bent geometry and the lowest
energy transition is both high in energy and has a large oscillator strength. By contrast,
fluorescence occurs from the orthogonal structure at a much lower energy (3.17 eV) and
with negligible oscillator strength (as per the non-overlapping orbitals, in Figure 4b). In

this orthogonal geometry the AEst reduces to only 8.2 meV), making TADF possible.

In DMAC-py-TRZ, the T state is predicted to exist as a twisted geometry in both the rigid
(Figure S9d) and relaxed scans (Figure 3d). The full optimization of the excited state
geometry, however, yields conflicting results. For S; the situation is clear: taking either
the bent or the orthogonal geometry as starting points for the excited state optimization,
the S1 geometry (Figure 3d) always converges to the orthogonal conformation, supporting
the results from the relaxed scan analysis. For T, instead, two different structures are
reached depending on the starting geometry (Figure $S10), with slightly different AEg; _1,
values (0.93 eV where the dihedral angle is 30° and 0.41 eV where the dihedral angle is

60°). The energy of the two triplet conformations is similar (AE7q,,._,,.= 0.07 eV), so that

a firm conclusion about the equilibrium geometry for T1 cannot be reached.
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Figure 4. NTOs of DMAC-py-TRZ calculated for the So-S1 transition a) at the So-optimized
geometry, which is relevant to the absorption process; b) at the Si-optimized geometry,
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Figure 5. a) Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) of DMAC-
TRZ (black) and DMAC-py-TRZ (red) in DCM (scan rate = 100 mV/s,
tetrabutylammonium hexafluorophosphate as electrolyte, reported relative to a
saturated calomel electrode (SCE) with a ferrocene/ferrocenium (Fc/Fc*) redox couple as
the internal standard, 0.46 V vs SCE for DCM?3). b) UV-vis absorption spectra of DMAC-
TRZ (black) and DMAC-py-TRZ (red) in 10-> M toluene. c) Solvatochromism
photoluminescence study of DMAC-py-TRZ (Aexc, = 340 nm); d Prompt fluorescence and
phosphorescence spectra at 77 K in 105> M 2-methyltetrahydrofuran (2-MeTHF) glass
(Aexc= 343 nm, prompt and delayed fluorescence spectra were obtained in the 1-100 ns

and 1-8.5 ms time range, respectively).

Cyclic Voltammetry (CV) and Differential Pulse Voltammetry (DPV) of DMAC-py-TRZ and
DMAC-TRZ were measured in degassed DCM with tetra-n-butylammonium
hexafluorophosphate as the electrolyte and Fc/Fc* as the internal reference. The
voltammograms in Figure 5a are reported versus a Saturated Calomel Electrode (SCE).

Both materials show pseudo-reversible reduction and oxidation waves. Both oxidation
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and reduction waves for DMAC-py-TRZ (Eox/Ereda = 1.11/-1.64 V) are anodically shifted
compared to those of DMAC-TRZ (0.97/-1.72 V). The corresponding HOMO and LUMO
energies are -5.31 / -2.62 eV and -5.45 eV/ -2.70 eV for DMAC-TRZ and DMAC-py-TRZ,
respectively. Comparing electrochemical redox gaps measured in solution with gas-phase
DFT results is tricky. Experimentally, the HOMO-LUMO gap of DMAC-py-TRZ, ~ 2.75 €V,
is larger than the HOMO-LUMO gap of DMAC-TRZ ~2.69 eV. Considering an orthogonal
geometry for both dyes, DFT results for the HOMO-LUMO gaps are 4.78 eV and 4.99 eV for
DMAC-py-TRZ and DMAC-TRZ, respectively, showing the opposite trend vs experiment.
The same is true if the bent geometry is considered for both dyes, with calculated HOMO-
LUMO gaps of 5.73 eV and 5.77 eV for DMAC-py-TRZ and DMAC-TRZ, respectively.
However, if we properly consider an orthogonal structure for DMAC-TRZ (Exomo-Lumo =
4.99 eV for orthogonal geometry) and a bent structure for DMAC-py-TRZ (Enomo-Lumo =
5.73 eV for bent geometry) calculated HOMO-LUMO gaps reflect the trend observed
experimentally. In any case, the HOMO stabilization in DMAC-py-TRZ vs DMAC-TRZ is
ascribed to the presence of the electron-withdrawing pyridyl bridge, which reduces the
electron density on the donor. Similarly, the electron density of the acceptor is reduced,

resulting in a more stabilized LUMO level.

Figure 5b compares the absorption spectra of DMAC-TRZ and DMAC-py-TRZ in toluene.
The CT band of DMAC-py-TRZ at 370 nm is slightly blue-shifted with respect to DMAC-TRZ
at 382 nm. The most striking difference is, however, in the much larger intensity of the band
measured for DMAC-py-TRZ (¢ =43,800 M1 cm'1) vs DMAC-TRZ (¢ = 2100 M-1 cm™1). This
is a direct consequence of the different conformations adopted by the two compounds in
the ground state: the orthogonal conformation of DMAC-TRZ (observed in the crystal
structure and predicted by DFT) hinders an effective conjugation and suppresses the
intensity of the low-energy CT transition. On the other hand, the bent conformation of
DMAC-py-TRZ (observed in the crystal structure and predicted by DFT) promotes an
efficient conjugation of the two moieties, perfectly in line with the oscillator strength
calculated with TD-DFT (oscillator strengths are reported in Figure S12, together with
NTOs).

Neither the absorption spectra of DMAC-TRZ and DMAC-py-TRZ (Table S27) show
solvatochromism, in line with a very small permanent dipole moment of the molecule in the
ground state. Photoluminescence (PL) spectra or DMAC-py-TRZ in Figure 5c (Table $27)

show a strong positive solvatochromism akin to that observed for DMAC-TRZ (Figure S13
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and Ref. 20) The large positive PL solvatochromism observed for both compounds
suggests that the emissive excited state has a large permanent dipole moment, thus
confirming the CT character of this state in both compounds.2425 The progressive
broadening of the emission band in the solvatochromism study is a result of polarity-
induced inhomogeneous broadening.2>26 The well-resolved vibronic structure of the
emission band in non-polar solvents is often considered an indication of a local nature of
the relevant excitation. Therefore, to prove the CT nature of the lowest transition in
DMAC-py-TRZ in all solvent, including non-polar ones, Figure S14 shows spectra collected
for the two molecular fragments, DMAC and py-TRZ. For py-TRZ, only absorption spectra
are shown since the species is not emissive. The spectroscopic features of both molecular
fragments are located at higher energies than the lowest energy feature seen in DMAC-py-
TRZ, confirming that this specific feature is related to a CT state. An important and unusual
result is recognized in the large Stokes shift observed for DMAC-py-TRZ in non-polar
solvents (Table $S27): in methylcyclohexane, the absorption band is located at 370 nm,
while the emission is seen at 472 nm, amounting to a Stokes shift of ~0.7 eV. This large
Stokes shift can only be explained in terms of a very large molecular relaxation upon
photoexcitation, well in line with the TD-DFT results that predict the relaxation of the S;

state from the bent to the orthogonal geometry.

In degassed toluene, DMAC-TRZ and DMAC-py-TRZ have similar ®p. of 67% and 58%,
respectively, in line with emission originating in both compounds from a similar
orthogonal geometry. The ®p; decrease in air (®p. = 22% and 17%, respectively),
indicating the presence of accessible triplet excited states. The prompt and delayed
lifetimes, 1, and tq, for DMAC-TRZ in degassed toluene are of 20.8 ns (1.1%) and 5.2 us
(98.9%), in line with those previously reported,” while the 1, and tq for DMAC-py-TRZ
are 44.0 ns (8.1%) and 1.5 ps (91.9%), respectively (Figure S15).

To summarize, theoretical and spectroscopic studies agree with the picture where DMAC-
TRZ maintains the same orthogonal conformation in both the ground and the S; states.
However, DMAC-py-TRZ undergoes a significant geometric reorganization from the bent

geometry in the ground state to the orthogonal geometry in the excited state.

Spectra collected in a glassy 2-MeTHF matrix at 77 K (Figure 5d) shed further light on the
geometrical relaxation of DMAC-py-TRZ upon photoexcitation. In the frozen matrix, the

emission peaks at 404 nm, blue-shifted compared to that in liquid 2-MeTHF at ambient
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conditions (Ap. = 596 nm, Table 1 and Figure $16). Apparently, in the frozen matrix the
excited compound cannot relax, so that emission occurs from the bent structure and
hence peaks at much higher energy than in the (non-polar) liquid solvent. The gated signal
collected in the glassy matrix (red line in Figure 5d) is ascribed to phosphorescence,
suggesting a large AEsr for this conformer under these conditions, again in line with that

calculated for the bent structure.

The PL behavior of DMAC-py-TRZ was also characterized in polyTHF, a viscous solvent
where conformational relaxation is hindered. Interestingly, two emission bands are
observed in this viscous medium (Figure S17). The first emission band at 410 nm is
similar to the one observed in the glassy matrix at 77 K while the second emission at 600
nm is similar to the emission observed in DMSO at room temperature. Apparently, at
ambient temperature, the excited state relaxation, fully hindered in glassy matrices at low
temperature, is only partially hindered in the viscous polyTHF. Accordingly, the presence
of the two emission bands is evidence of the simultaneous presence of the unrelaxed
(bent) emissive species (as in the glassy matrix) as well as of relaxed (orthogonal) species

(as in the liquid solvent).

Having observed that the S relaxation of DMAC-py-TRZ in frozen glassy matrices at low
temperature is fully hindered while it is only partially hindered in viscous solvents at
ambient condition, we next transitioned to an investigation of the behavior of this
compound in amorphous matrices where large geometric reorganization is also likely to
be hindered. Spin-coated thin films of DMAC-py-TRZ doped into PMMA at 10 wt% were
first prepared (Figure 7a). Emission at Ap. of 516 nm was observed with a ®pL of 63.8%
under a Nz atmosphere, which decreased to 58.0% upon exposure to oxygen.
Biexponential decay kinetics were observed in the time-resolved PL measurements, with
Tp of 26.0 ns and an average 74 of 4.7 ps [11=1.0 ps (32.6%), 12=7.4 ps (67.4%)],
respectively. The presence of a delayed fluorescence suggests that at least some emitter
molecules adopt an orthogonal conformation, as to allow for TADF. Compared to the data
obtained in toluene (tp of 44.0 ns and tq of 1.5 ps), DMAC-py-TRZ possesses a shorter-
lived prompt component and a slightly longer-lived delayed component. We then
investigated the photophysics in mCP (1,3-bis(N-carbazolyl)benzene) as the host matrix,
a suitable high triplet energy host for both compounds that would be relevant for OLEDs.
Figure 7d shows results at a 10 wt% doping concentration. The emission in mCP is blue-

shifted at Apr, of 496 nm, compared to that of the doped PMMA film. The ®py, of the doped

14



film in mCP is 57.4% under N2, which decreased to 53.5% in air. The 7, = 24.9 ns and the
average T4 = 5.3 us [11=1.4 us (46.8%), 12=7.7 pus (53.2%)]. In both PMMA and mCP
matrices at 10% doping the delayed emission is thermally activated (Figure 7). However,
extracting detailed information from such highly doped matrices is dangerous because of

spurious phenomena, including homo energy-transfer and inner filter effects (self-

absorption).
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Figure 7. a) PL spectra of DMAC-py-TRZ in spin-coated 10 wt% mCP film, spin-coated 10
wt% PMMA film (Aexc = 340 nm); b) time-resolved PL decay in spin-coated 10 wt% mCP
film of DMAC-py-TRZ (Aexc = 378 nm); ¢) Temperature-dependent delayed fluorescence
decays in spin-coated 10 wt% mCP film of DMAC-py-TRZ (Aexc = 378 nm); d) Prompt
fluorescence and phosphorescence spectra at 77 K in drop-cast 10 wt% mCP film (Aexc =
343 nm, prompt and delayed fluorescence spectra were obtained in the 1-100 ns and 1-

8.5 ms time range, respectively).
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Figure 8. a) emission spectra of DMAC-py-TRZ in spin-coated 1-5 wt% mCP films (Aexc =
340 nm); b) time-resolved PL decay in spin-coated 1 wt% mCP film of DMAC-py-TRZ
collected at Aem = 490 nm and Aem = 430 nm (Aexc= 378 nm).

To minimize spurious concentration effects, low-concentration (down to 1 wt%) films
were fabricated, relevant spectra being shown in Figure 8. In these films both the high
frequency emission originating from the bent structure, and the low-frequency emission
from the orthogonal structure, are present, suggesting that both conformers are present
in all films. The high frequency emission decays much more rapidly (Figure 8b), again
confirming that it originates from the bent conformer. Upon increasing concentration, the
high frequency emission progressively weakens and disappears for doping
concentrations above 3 wt%. Two phenomena may exist to explain this observation, both
related to the large transition dipole moment (large oscillator strength) of the So—S:
transition in the bent geometry: (1) self-absorption; and (2) energy transfer from the bent
to the orthogonal structure. Both phenomena are expected to become more efficient upon

increasing the concentration of the emitter in the host matrix.

Table 1. Photophysical properties of DMAC-TRZ and DMAC-py-TRZ.

Material Environment Ap/nm?  @PpLN: (air)?/ % Tp,Ta¢/ns;us S / T [ AEsti/
eV eV eV
DMAC-TRZ Toluene (10-5M)%7 499 67 (22)¢ 20.8; 5.2 2.88 2.57 0.31
mCP 10 wt% 499 47 (45) 22.9;15.3
PMMA 10 wt% 523 18 (15) 41.6;17.0
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DMAC-py-TRZ  Toluene (10-5M) 539 58 (17)¢ 44.0; 1.5 321 277 044
mCP 10 wt% 496 57 (54)¢ 24.9;5.3
PMMA 10 wt% 516 64 (58) 26.0; 4.7

ameasured at room temperature; b Aexc = 340 nm; ¢ obtained via the optically dilute method?® (see SI), quinine sulfate

(0.5 M) in H2SO4 (aq) was used as the reference, @eL: 54.6%, Aexc = 360 nm;29 9 obtained using an integrating sphere; ¢
Tp (prompt lifetime) and 74 (delayed lifetime) were obtained from the transient PL decay of degassed solution/doped
film, Aexc = 378 nm; /S1 was obtained from the onset of the prompt fluorescence measured at 77 K, obtained in the 1-
100 ns time range; 9 T1 was obtained from the onset of the phosphorescence spectrum measured at 77 K, obtained in
the 1-8.5 ms time range; & S1 was obtained from the onset of the fluorescence spectrum measured at room temperature
iAEst = S1 - T1;J assigned to the bent conformer of DMAC-py-TRZ; k assigned to the twisted conformer of DMAC-py-
TRZ.

Conclusions

The synthesis of a new TADF emitter, DMAC-py-TRZ, is presented, together with an
extensive computational analysis and experimental characterization. The chemical
structure of DMAC-py-TRZ only marginally differs from that of the parent DMAC-TRZ
compound. However, this minor change of the bridging moiety between the donor and
acceptor has an enormous impact on the conformation and hence on the photophysics of
the compound. Specifically, while DMAC-TRZ maintains the same orthogonal geometry
in both the ground and the first excited singlet states, DMAC-py-TRZ assumes a bent
geometry in the ground state, as highlighted by the large oscillator strength measured in
solution for this dye. However, upon excitation to the S; state, the system undergoes a
large geometrical rearrangement to the orthogonal structure. This large relaxation is
confirmed by the very large Stokes shift measured in non-polar solvents. In frozen 2-
MeTHF glass at very dilute conditions, the relaxation is hindered and only a blue-shifted
emission is seen from the unrelaxed bent conformer, without any hint of emission from
the orthogonal structure. In mCP films a distribution of conformers exists and at low
concentrations dual emission is observed, originating both from both the bent and
orthogonal structures. However, upon increasing the doping concentration, the emission
from the orthogonal conformer dominates. While self-absorption can be partly
responsible for the phenomenon, we conclude that an efficient energy transfer from one
conformer to the other also contributes to the spectral change. Indeed, TADF is not
expected nor observed in the bent structure, due to a too large AEst. The good TADF

efficiency of DMAC-py-TRZ in solution, similar as for DMAC-TRZ, is in line with the very
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fast molecular relaxation from the bent (TADF-silent) to the orthogonal geometry (TADF-
active) in solution. The situation is more delicate in matrices where the host rigidity
hinders a large molecular rearrangement. The observed good efficiency of TADF in
matrices then suggests efficient energy transfer of excitons created on the bent (and TADF
silent) structures towards molecules in the orthogonal (and TADF-active) structure as to
retrieve all photogenerated singlet states for TADF activity. Most probably, efficient
triplet-to-triplet energy transfer is also required to explain the good efficiency of DMAC-
py-TRZ OLEDs, but this will be subject of a subsequent study.

Supporting information

Supporting information file 1 includes synthesis protocols, NMR spectra, supplementary
photophysical measurements and computational data. Supporting information file 2
includes the xyz coordinates corresponding to the ground state optimized geometry of

DMAC-py-TRZ.
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