W) Check for updates

Research Articles
doi.org/10.1002/cptc.202200248 Socienes puiehing

ChemPhotoChem

www.chemphotochem.org

Fine-Tuning the Photophysics of Donor-Acceptor (D-A;)
Thermally Activated Delayed Fluorescence Emitters Using
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Isomerisation

Paloma L. dos Santos,*™® Daniel de Sa Pereira,” Julien Eng,” Jonathan S. Ward,™
Martin R. Bryce, Thomas J. Penfold,’” and Andrew P. Monkman*™®

Here two D-A; regioisomers, comprising three dibenzothio-
phene-S,S-dioxide acceptor units attached to a central triaza-
truxene core, are studied. Both molecules show thermally
activated delayed fluorescence (TADF), however, the efficiency
of the TADF mechanism is strongly affected by the D-A
substitution position. The meta- substituted emitter (1b) shows
a slightly higher-lying singlet charge transfer state and a lower-
lying triplet state than that observed in the para- substituted
emitter (1a), resulting in a larger singlet-triplet splitting (AEs;)
of 0.28 eV compared to only 0.01 eV found in 1a. As expected,
this AEg; difference strongly impacts the reverse intersystem

Introduction

Research into novel high-performing emitters for organic light
emitting diodes (OLEDs)" has gathered great interest in the
scientific and industrial communities alike, particularly with its
third generation, where devices based on thermally activated
delayed fluorescence (TADF) emitters have been extensively
produced and optimised. TADF emitters are particularly appeal-
ing as they can achieve 100% internal quantum efficiency (IQE),
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crossing (rISC) rates and the para- isomer 1a exhibits a much
faster delayed fluorescence emission. Calculations show that
the triplet energy difference between the two isomers is due to
steric hindrance variances along the donor-acceptor rotation
axis in these molecules: as 1b is less restricted, rotation of its
acceptor unit leads to a lower T, energy, further away from the
region of high density of states (the region where larger
vibronic coupling is found, favouring rISC). Therefore, our
results show how the substitution pattern has a marked effect
on triplet state energies and character, verifying the key
structural designs for highly efficient TADF materials.

while retaining the use of purely organic molecules. In these
materials the non-emissive triplet excitons are converted into
emissive singlet excitons via reverse intersystem crossing
(rISC).%* The potential of achieving highly efficient purely
organic emitters in OLEDs has been the driving force behind a
significant research effort aimed at achieving a deep under-
standing of efficient molecular design strategies that can avoid
the production of materials that show emission loss pathways
that will reduce device performance.”*!

The most common molecular design strategy to achieve
efficient TADF emitters is to use aromatic donor-acceptor (D-
A) molecules, which typically have near-orthogonal separation
between the D and A units, decoupling the conjugation
between them. These molecules emit from a singlet excited
state with intramolecular charge transfer ('CT) character, which
is energetically very close to a 3CT triplet state through the
minimised electron exchange interaction. A further excited
state with dissimilar orbital symmetry such as a local excited
triplet state (’LE) situated very close in energy to this 'CT is also
required for efficient triplet harvesting via reverse intersystem
crossing (r1SC).*” The current D-A TADF molecules still face the
challenge of the long overall delayed fluorescence lifetimes
(which in turn will adversely affect the device lifetime) and the
low oscillator strengths of the 'CT radiative transitions. We have
recently shown a novel design strategy based on a rigid donor
unit (D, triazatruxene) and three acceptor units (A, dibenzothio-
phene-S,S-dioxide), which results in fast rISC rates (10" s).”
This D-A; emitter, previously named TAT-3DBTO, (here re-
named as 1a; Figure 1a), shows excellent device performance,
presenting a new design strategy very promising for high
performing OLEDs, which was proposed to arise from the high
density of coupled excited states.” Other workers have

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 1. a) Chemical structure of para- substituted emitter (1a) and meta- substituted emitter (1b). b) Extinction coefficient absorption spectra of the
acceptor (A), donor (D), 1a and 1b, all diluted in dichloromethane (DCM) solvent. c) Normalised photoluminescence (PL) spectra of A, D, Ta and 1b. D and A
are diluted in toluene solvent, 1a and 1b are diluted in toluene and DCM. Data for A, D and 1 a are taken from Reference [8].

subsequently studied TADF emitters containing triazatruxene in
D-A," D-A" D,~A"?" and D,-A structures” demonstrating
the versatility of triazatruxene in this context.

To further investigate the D-A; design strategy, herein we
study the role of regioisomerisation on the emission by
exploring how the substitution position of the sulfone group of
the A units in the meta- and para- positions relative to the N
atoms of the donor affects the TADF mechanism. We provide
extended photophysics of para-compound (1a) together with
the characterisation of the novel isomeric meta-compound
(1b). We show that the energy splitting between singlet and
triplet states and consequently, the delayed fluorescence
lifetime and reverse intersystem crossing (rISC) rates are
strongly affected by the D-A substitution position, even though
their molecular orientation is only slightly changed. 1b has
triplet excited states acting as traps, resulting in excitons with
long overall residence times in the triplet excited states at
much lower energy than 1a, greatly increasing the delayed
fluorescence (DF) lifetime. Calculations at the T, minimum
geometry show that the triplet states of 1a and 1b have
different energies and characters (purely LE or mixed CT/LE).
These differences are due to the difference in steric hindrance
along the donor-acceptor rotation axis that results in a
stabilisation of 1b at a lower energy minimum of T,. Moreover,
the calculations show that the lack of a close-lying electronic
state in 1b is critical in preventing efficient rISC in this
molecule. Thus, our experimental and theoretical results show
how subtle changes in a D-A; structure radically effect the
excited state behaviour and photophysical properties.
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Results and Discussion

Figure 1a shows the chemical structure of the two isomers, 1a
(para-substitution) and 1b (meta-substitution). Figure 1b shows
the extinction coefficient absorption spectra of both emitters
together with the individual D and A units, all measured in
dichloromethane (DCM) solutions. Both molecules show similar
spectra, as expected by the similarity of both emitters in the
ground state geometry, in line with their respective calculations
(S

5). There is a general enhancement of extinction coefficient
at all wavelengths in both isomers, compared to the individual
D and A units. The absorption band at lower energy (350 nm to
425 nm), which is not observed in the individual D or A units, is
ascribed to direct CT absorption to the CT excited states.
Excitation into this band which directly populates 'CT excited
states is more intense in 1b as well as being red shifted
compared to 1a indicating a more delocalised state in 1b.

Figure 1c shows the photoluminescence (PL) spectra of 1a
and 1b in toluene and DCM. The spectra are clearly indicative
of CT emission, displaying a Gaussian band shape and strong
positive solvatochromism. In toluene, 1b shows emission
slightly red shifted compared to 1a, in agreement with its red
shifted absorption band. This feature agrees with the calcu-
lations, which show that in the geometry of the minimum of S,,
1b features one acceptor closer to orthogonality than in 1a
(the D—A torsion angle ¢:Pp(1a)=77.49deg, ¢(1b)=
79.70 deg). This leads to a smaller highest occupied/lowest
unoccupied molecular orbital (HOMO/LUMO) overlap at S,
minimum: S(1a)=14.33%, S(1b)=11.38%, resulting in an
increased CT character for 1b. However, in DCM the emission
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from both isomers converges to the same energy indicating a
saturation of the CT stabilisation, which is therefore independ-
ent of the para- and meta- substitution between D and A
units.”

We next investigated both emitters in an inert solid-state
matrix, zeonex. In both cases, the films were produced in very
low emitter concentration (0.3 % wt), as strong aggregation was
observed when the concentration was increased (See SI1).
Interestingly, the PL emission observed in 1b is at higher
energy than 1a (Figure 2a), contrary of the results observed in
toluene solution (Figure 1c). Zeonex is a non-polar environ-
ment, but emission from 1b occurs at the same energy as
observed in toluene, whereas 1a is red shifted to an energy
below that found in toluene. This indicates that packing forces
from the zeonex host influence the orientation of D and A but
to different degrees for the two isomers. In both cases the CT
states are stabilised by the host via packing interactions but 1a
is more strongly stabilised, potentially indicating greater
potential CT character in the 1a excited states. However, 1b
shows broader emission, indicating greater disorder and
possible higher number of emissive states contributing to the
overall emission band (sum of Gaussian)."

To investigate how the TADF mechanism is affected in both
emitters, the emission decay curves at room temperature (RT)
were measured (Figure 2b). Initially, rather slow prompt
fluorescence (PF) is observed up to 230 ns followed by a
longer-lived emission - delayed fluorescence (DF). The DF
emission observed in 1a clearly shows two distinct regions, a
fast decay - between 230 ns and 6 ps and a long-lived tail up
to 250 ps. On the other hand, 1b shows a single delayed decay
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Figure 2. a) Normalised photoluminescence (PL) spectra of 1a and 1b in
zeonex matrix; FWHM is full width at half maximum. b) Normalised decay
curves of Ta and 1b in zeonex matrix collected at room temperature under
vacuum.
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feature following PF emission, which is much longer lived than
the DF observed in 1a, and extends up to the ms region. It is
important to note that for efficient total emission, TADF
emitters do not require to show high contribution of DF
emission if they show high yield of PF emission, low ISC and
unity rISC yields.® This will result in the majority of excitons
formed in the singlet states to emit via PF and just a small
population of excitons to be converted back to triplet states.
This is observed in both emitters, as the contribution of DF to
the overall emission, which was analysed by using the area
under the PF and DF regions, represents a small parcel of the
total emission, 10% and 30% for 1a and 1b molecules,
respectively.

Figure 3 shows the spectra collected at different time delays
(TD). Both emitters show strong relaxation in the first 100 ns
(Figure 3a, e) which is associated with the energetic relaxation
of the CT state. The value of the onset energy of the spectrum
collected at TD=1.6 ns and TD=105 ns is shown in the graphs.
The relaxation observed in the first 100 ns is similar for both
emitters, 0.10 eV and 0.8 eV, respectively, for Ta and 1b. The
prompt emission observed in 1b is at higher energies than 1a,
in line with the steady state results (Figure 2a). Between 230 ns
and 6 s, little spectral change is observed. After 6 us, the red
edge of the DF spectra emits faster in 1a. For 1b, a clear blue
shift is observed with increasing time delays, again pointing to
emission at longer wavelength showing faster emission. Such
spectral dynamics were discussed by Penfold et al'™™ and arise
from a dispersion of rISC rates that stem from a variety of
subtly different molecular conformations (of D with respect to
A). The conformers that have a higher 'CT energy and oscillator
strength have a larger energy splitting between singlet and
triplet states (AEs;), which will slow down the rISC, due to its
exponential dependence on the energy gap. Therefore, con-
formations with smaller AEs; will emit first in the DF region,
leading to the later emission exhibiting a blue shift. This
dynamic component, which is clearly more pronounced in 1b
compared to 1a, broadens the steady state emission spectrum
and likely the electroluminescence spectra of devices, which is
undesirable for the colour purity of the devices.

Measurements at 80 K in zeonex matrix, show a much-
reduced TADF intensity, compared to RT, with phosphores-
cence (PH) being observed at longer times at 80K in both
compounds (See SI2 spectra from the decay curves of Fig-
ure 4a). 1a has been investigated in our previous work in bis-4-
(N-carbazolyl)phenyl)phenylphosphine oxide (BCPO)" host at
80 K, and contrary to what is seen here, TADF emission was
observed even at 80 K in BCPO indicating rISC was active even
with very little thermal energy available.” Figure 4b shows their
PH spectra in a zeonex matrix, collected on the millisecond
timescale and at low temperature (80 K). Both PH spectra are
well structured showing a marked 3LE character, onset at
2.62 eV for 1b and 2.77 eV for 1a. Moreover, 1a PH spectra
were investigated in different hosts and shown to be almost
unaffected by the host dielectric environment (see SI3), which
is also a typical characteristic of a LE character. Interestingly, a
red shift is observed between the onset of the PH spectrum of
1a and 1b, opposite to the blue shift observed in the singlet
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85UB017 SUOLLILIOD BAIIRID 8 |edl|dde au A pausenob ae saoiiie YO ‘88 JO S9N Joy Akl 8ulUO A8]IAA UO (SUO I IPUOD-pUe-SWR) W00 A8 | 1M AfeJq 1 RU|UO//SdNY) SUORIPUOD pue swis | 8Ys88S *[€202/c0/62] Uo Areigiauliuo A8|IM S8 L Aq 872002202 91d0/200T OT/I0p/Wwiod A3 |im Aelq 1 uljuo-adone-Alis eyd//sdny wolj papeojumod ‘2 ‘€Zfz ‘2e60.9€2



Chemistry
Europe

European Chemical

Research Articles

ChemPhotoChem doi.org/10.1002/cptc.202200248 Societies Publishing
516 T T =16 =14
a) 3 Time Delay: b) = Time Dela C) = Time Delay:
814 — 16ns ©14F o LW 792 us
= 283eV 273 eV 5 = —042ps =1 Time Delay dep
212 e 24af ——0.68ps 2 —— 1256 us
2 ;g,;ns @ 110us 2170 1993 s
10 —239ns ol : —— 3160 s
2 —36&ns £ —176us Los “
08 ——&0.1ns =o0sf I —ijj us =
——684ns o My, ——444us 0.6
Hos v ——916ns Nos| [ ]
gu.a 1a Zeonex —105.2 ns §0_4 EOA
= Je o= 355NM =
op2 o o 602
z / RT o 202 =z
0.0 Les= i 0.0 SR L M N (0. DO i
400 450 500 550 600 650 400 450 550 600 650 40 450 500 550 600 BS0
Wavelength (nm) Wavelength (nm) Wavelength (nm)
d) Sis € - ) Zue :
=51 3.5 Time Doiay. ¥ Time Delay:  —— 1258 s
© Time Dela o =14 ——T7.92us —— 19958
£14 —Wsnsg = 0425 ; —125ps — 25118
3?12 295eV 283eV 77:4 = .3.1 5 ——061ps £ 1.2 Time Delay 199315 — 4466 45
@ 147 ns 2 €10 ————— ——316us —FNIs
510 — 239ns 2 50w —14me
- £ 794 s ms
EO.B 355ns = 08 & b
T g=e1ns €06 141ms
Ros ——684ns = —39ms
% —915ns EOA _ 56ms
E 04 : —1052ns £
G5 hee= 3550 Doz
=z RT 0.0 Sk
00 . 400 500 550

400 450 500 550 600 650
Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Figure 3. a, b, ¢) Time resolved normalised emission spectra of 1a and d, e, f) 1b in zeonex matrix. All spectra collected at room temperature under vacuum.
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Figure 4. a) Normalised decay curves of 1a and 1b in zeonex matrix
collected at 80 K under nitrogen atmosphere. B) Normalised phosphores-
cence (PH) of acceptor (A), donor (D), 1a and 1b molecules, all in zeonex
matrix collected at 80 K.

states (Figure 1c), which translates into a very different energy
splitting between singlet and triplet (AEg;) in both emitters The
AEgr was estimated to be 0.28 eV and 0.01 eV for 1b and 1a,
respectively (SeeSl4). The large AEg observed in 1b film
explains why this emitter shows long lived delayed
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stabilisation of the singlet 'CT states is greater in 1b than in 1a
further decreasing the density of states. While the energy gap
between 'CT and *CT in 1b is smaller, the TADF efficiency is
reduced as the system lacks a close-lying electronic state to
mediate rISC.

Moreover, we investigated the PH emission spectra when
CT states are directly excited via 420 nm excitation, Figure 6.
For 1a, the PH spectrum is located at lower energies if
compared to the PH spectrum observed when the LE states are
excited (at 266 nm or 355 nm). However, for 1b, the energy of
PH spectra does not depend as strongly on the excitation
energy. We speculate that this difference of behaviour might
be explained by a local minimum in the lowest T, states that is

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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accessible in 1a (such a minimum could not be identified in
the theoretical calculations) and not in 1b. The time evolution
of the 1a PH with 355 nm excitation, (Figure SI3a) shows an
initial low energy CT like emission at 1 ms which evolves into
well- structured higher energy PH by 80 ms. Whereas in 1b
there is much less spectral evolution in time (Figure SI3b), with
less structured PH at 80 ms. This evolution could be driven by
excess excitation energy and thus at lower excitation energy
(420 nm) there is not enough excess energy to drive the triplet
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state to the higher fully localised state present in 1a, whereas
in 1b this channel is not available.

Conclusion

In summary, we report the photophysical properties in
solutions and solid state as well as theoretical calculations of
two D-A; regioisomers, named 1a (para-compound) and 1b
(meta-compound). We identified strong aggregation formation
of 1a in solid state even at only 1.5% wt in zeonex matrix,
impacting the energy and spectral shape of its singlet and
triplet states. Thus, photophysical characterisation was per-
formed for both materials at very low concentration, 0.3% wt
in zeonex matrix. The TADF mechanism was readily identified
for both compounds (1a AE;=0.01 eV and 1b AE;=0.28 eV),
however their efficiency is strongly affected by the D-A
substitution position. The major difference between both
isomers is related to their triplet state energies (1a T,=2.77 eV
and 1b T,=2.62 eV). Calculations show that this energy differ-
ence is due to steric hindrance variances along the donor-
acceptor rotation axis in these molecules: as 1b is less
restricted, rotation of its acceptor unit leads to a lower T,
energy, further away from the region of high density of states.
Moreover, 1a shows much faster delayed fluorescence than
that observed in 1b, a direct result from its lower AEs found
experimentally as well as its T, being closer to the region where
larger vibronic coupling is found, as revealed by the calcu-
lations. Thus, our results represent an important step forward in
the clear understanding of how the substitution pattern has a
marked effect in achieving enhanced TADF.

Experimental Section

The synthesis and characterisation of 1b are presented in the
Supporting Information.

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Solutions of 1a and 1b were studied (102 to 10> M) in toluene
and dichloromethane (DCM). All the solutions were stirred for
several hours to ensure complete dissolution. 1a and 1b spin
coating films were produced in zeonex matrix at a concentration of
0.3% wt. The films were dispersed onto quartz substrates.

Steady state absorption and emission spectra were acquired using
a UV-3600 Shimadzu spectrophotometer and a Jobin Yvon Horiba
Fluoromax 3, respectively. Time resolved spectra were obtained by
exciting the sample with a Nd:YAG laser (EKSPLA), 10 Hz, 355 nm.
Sample emission was directed onto a spectrograph and gated iCCD
camera (Stanford Computer Optics). Time resolved measurements
were carried out at room temperature with zeonex films under
vacuum and at 80 K with films under nitrogen gas.

Computational Details

All the calculations were performed using the Qchem 5.0 quantum
chemistry package.™® 1a and 1b were optimised in the ground
and lowest singlet and triplet excited states using density func-
tional theory (DFT) and linear response time-dependent DFT (LR-
TDDFT), respectively.

Vibrational analysis was performed to ensure all frequencies were
positive and that the stationary point was a minimum of the
potential energy surface. All calculations were performed with the
6-31G* Pople basis set’”" and the range-corrected LRC-wPBEh
functional.?? The range separation parameter w was optimised
using the optimal tuning method as described here®2 and the
optimal value obtained was w=0.131a,”". The Tamm-Dancoff
approximation®” has been employed to avoid the overstabilisation
of the low-lying intra-ligand triplet states.

The data that support the findings of this study are openly
available in Open Data Commons Open Database License under
DOI: 10.25405/data.ncl.20488341.v1.
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