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Abstract

A pair of thermally activated delayed fluorescence (TADF) emitters with symmetric and asymmetric
D-A-D structure are investigated. Despite displaying near-identical photoluminescence spectrum and
quantum yields, the symmetric material possesses significantly better delayed fluorescence
characteristics and OLED performance. Building on a previous study of analogous D-A materials we
are able to explain these differences in terms of different strengths of electronic interactions between
the two donor units. This interaction lowers the energy of the TADF-active triplet state in the
asymmetric molecule, increasing its singlet—triplet energy gap and leading to worse performance. This
result therefore demonstrates a new strategy to selectively control the triplet states of TADF
molecules, in contrast to established control of singlet states using host environment. These results
also show that multi-donor TADF emitters cannot be understood simply as the sum of their isolated
parts; these parts have different electronic interactions depending on their relative positions, even
when there is no scope for steric interaction.

Introduction

Due to tremendous research efforts in recent years, purely organic thermally activated delayed
fluorescence (TADF) materials have proven their potential for optoelectronic applications.! Not only
have TADF materials found utilization in highly efficient organic light emitting diodes (OLEDs),>*
but their emissive and triplet-management properties have also enabled cross-disciplinary applications
in fluorescence sensing and imaging,’ optical temperature sensing,® and catalysis.® The widely
acknowledged success of TADF emitters is primarily due to their near optimal quantum efficiency in
electroluminescent devices; 100% values can be achieved’ in comparison to the 25% limit for
conventional fluorescence emitters. Additional benefits include their largely reduced cost, lowered
toxicity, and potential ability to achieve deep blue emission - each of which are intractable challenges
for pre-existing rare- or heavy-metal containing organometallic phosphorescent emitters.® These
merits have brought TADF emitters to the forefront of materials science, and intense research directed
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towards deeper understanding of the underlying mechanism and development of novel gompotitidsct 7

continues presently.

The TADF mechanism is based on a second-order spin-vibronic coupling between a charge transfer
triplet state (*CT) and a local excited triplet (°LE) to mediate the up-conversion reverse intersystem
crossing (rISC) of the coupled *LE/ACT triplet(s) to the emissive charge transfer singlet (!CT) state.”!°
In turn, achieving fast rISC directly depends on the minimization of the singlet-triplet energy gap
(AEsT) — an essential, but not sufficient condition for the observation of TADF. Much work has been
carried out to discover chemical motifs that minimize the AEgr gap, and correspondingly maximize
rISC.1'-16 As a result of this multidisciplinary work, generic design rules for successful TADF
emitters have emerged.!” Primarily, bridging of sterically hindered electron donor (D) and acceptor
(A) groups in a twisted D-A architecture commonly results in weakly overlapping highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). Consequently, such
materials frequently possess charge transfer (CT) states with low electron exchange energy.!®20 In
recent years through-space (exciplex-like) D—A interactions and non-overlapping single-molecule
multi-resonant electronic structures have also been shown to deliver unexpected and outstanding
TADF performance.?!'-2

The choice of specific D and A chromophores and any structural modulation of the dihedral angle
between them is often the foremost tool for tuning of the CT character, emission energy, and
reduction of AEsr towards engineering efficient rISC and TADF. However, additional undesirable
effects such as red-shift and broadening of the emission as well as severe reduction of the oscillator
strength?’ can also occur somewhat unpredictably. In attempts to realize narrow TADF emission of a
target colour and high efficiency, several investigations into more subtle aspects of molecular design
have been reported. Recently, binding the D and/or A chromophores through various linking
topologies (ortho-, meta-, para-) was shown to be an effective strategy for fine-tuning the energy
levels and couplings of the moieties.!>26-28-33 For instance, in our previous work we have attributed the
differences in the performance of isomeric TADF emitters to various resonance and inductive effects
around the acceptor unit’s aromatic n-system.?’ This work showed that control over the dihedral angle
alone is insufficient for fast rISC and efficient TADF, and that chemically identical donors can induce
different TADF properties purely based on the position in which they are installed. Despite different
conjugation strengths at the meta- and para- positions (expected to lead to varying extents of
molecular planarization) the dimethylacridine (DMAC) donor was also found to have the same
dihedral angle at either position. This surprising result was explained in terms of the DMAC donor
self-regulating its steric environment with the C-H bonds at the 1- and 8- positions. This final
conclusion stands in contrast to other more compact donors such as carbazole,’** with dihedral
angles that are more susceptible to external influences. This property also makes DMAC an ideal
donor for comparing more subtle aspects of molecular design, with the influence of dihedral angle
variation largely controlled.

Another popular strategy in TADF material design involves introduction of additional donors,
resulting in D-A-D or D-A-D’ molecular architectures. A plethora of multicolour TADF emitters have
been developed using this approach.3*#* Even a number of white emitters with D-A-D’ structure have
been reported,*#7 although it remains unclear how to correlate the properties of the D-A-D’ materials
from those of the individual D-A and D’-A analogues.*® An early advance in the D-A-D approach was
made by Adachi et al., who introduced multiple donors with mutual steric interactions. For instance,
4CzIPN is a high-performance green TADF emitter based on the multi-donor approach which has
received sustained research attention.**>! While originally it was believed that introduction of
multiple donors ensured fixed dihedral angles between the D and A, the cumulative electronic effect
of the donors was more recently attributed to the sum of the donating fragments>? in a ‘bottom up’
investigation. Similar recent reports into multi-carbazole systems have also attempted to explain
findings in terms of influences of individual donor units3*-** on the larger electronic system.
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This multi-donor approach has also inspired a number of subsequent works.>>*7 For instange, Oh &tal 2t 2
focused on acceptor substitution pattern in a series of isomeric multi-donor TADF emitters,
comprising carbazole and 2,4-diphenyl-1,3,5-triazine as the donor and acceptor, respectively.’¢-8
Their thorough theoretical and experimental approach allowed them to unravel the complexity of the
steric interactions between the donors. From the photophysical analysis, the authors concluded that 2-
/3- and 2-/6-substitutions of the donors feature decreased energy gaps and shortened delayed
fluorescence lifetimes by means of large dihedral angle of the donors. Such a dihedral effect allowed
for a degree of control over the energy gap and a rISC rate, resulting in OLEDs with correlated
efficiencies and roll-offs. While significant attention in this work was dedicated to the investigation of
the steric effects (which dominate dihedral angles for carbazole donors3+%3), many questions regarding
the electronic communication in multi-donor TADF emitters remained unanswered.

Building on the previous findings of our group?*¢ and aiming to better understand the connection
between analogous D-A and D-A-D molecules, we investigate two isomeric D-A-D TADF emitters
comprised of a benzonitrile acceptor and acridine donors attached at the 2,5- or 2,6- positions of the
acceptor. Comparison to previously reported D-A materials (facilitated by the self-regulating dihedral
angle of DMAC?) allows us to compare these systems with minimal additional complexity
introduced by the second D unit. Using a combination of experimental and theoretical methods, we
demonstrate that electronic interaction between the donating moieties — modulated by the relative
position of each - alters the 3LE energy and thus also AEsr and TADF performance. We therefore
demonstrate a viable strategy of selectively controlling the LE triplet energy in TADF multi-donor
emitters, without altering the CT singlet energy. This provides a counterpart to the commonly-
employed host tuning strategy that minimise AEsr by external action on the polarity-sensitive CT
singlet state.>® Furthermore, this work establishes that multi-donor TADF emitters cannot be
understood simply as the sum of the donating fragments, or as perturbations of analogous D-A
materials. Instead, emergent inter-donor interactions must be taken into account, which immediately
disqualify such bottom-up approaches.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Results

Synthesis and characterisation

Open Access Article. Published on 18 November 2021. Downloaded on 11/19/2021 9:30:32 AM.

The two isomers (0,m)ACA (2,5-bis(9,9-dimethyl-9,10-dihydroacridin-10-yl)benzonitrile) and
(0,0)0ACA (2,6-bis(9,9-dimethyl-9,10-dihydroacridin-10-yl)benzonitrile) were synthesized by the
procedures shown in Scheme 1, with full details in the SI. Earlier investigations of OLEDs using
(0,m)ACA as a non-doped emitter have been previously reported.** The target compounds were
prepared in yields of 58-61% through a Pd-catalyzed Buchwald-Hartwig cross-coupling reaction
between 9,10-dihydro-9,9-dimethylacridine and 2,5-dichlorobenzonitrile or 2,6-dichlorobenzonitrile.

(cc)

Additional thermal, electrochemical, and crystallographic properties of the two molecules are also
included in the SI, demonstrating their near-identical physical properties — including equal electron
affinity and ionisation potentials.
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Scheme 1. Synthesis of (0,m)ACA and (0,0)ACA (left), and structures of previously investigated D-
A materials? (right).

Photophysical properties

In anticipation of their applications in OLEDs and guided by optimised doping concentrations
reported for similar DMAC containing TADF materials,'3%' the optical properties of (o,m)ACA and
(0,00ACA were investigated primarily in 25% v/v co-doped evaporated films using bis[2-
(diphenylphosphino)phenyl]ether oxide (DPEPO) as host. Figure 1a shows the UV-vis absorption,
photoluminescence (PL), and time-resolved low temperature phosphorescence spectra (PH) of the
films. Also shown are comparisons of the PL (Figure 1b) and PH spectra (Figure 1¢) with those of
oDA and mDA (10% w/w drop cast films in DPEPO), the single D and A analogues.

The similarities in optical properties between (0,m)ACA and (0,0)ACA are striking, with UV-vis and
PL spectra nearly identical (Figure 1a). This trend is also preserved in a range of different solvents
(Figures S9 and S10). oDA and mDA also have very similar singlet energies to each other in DPEPO
(taken from PL onset wavelength), although with mDA marginally higher in energy than oDA and
with broader PL band. This trend is consistent with what was previously reported for these D-A
materials in polymer host zeonex, and arises from differences in electron-hole separation in the CT
excited state®? as well as differences in acceptor strength at different locations around the central
benzonitrile ring.?’ Key photophysical properties are presented in Table 1, with the similarities in
singlet energy and PLQY strongly indicating that both (0,m)ACA and (0,0)ACA emit through the
same CT state, formed by the donor unit ortho- to the acceptor unit. Conversely, the meta- donor unit
in (0,m)ACA is expected to form a higher-energy CT state (as it does in mDA compared to oDA), and
thus must have limited influence on the singlet state properties in (0,m)ACA — evidenced by its
identical PL spectrum to (0,0)ACA, which does not possess this structural feature.

Both (0,m)ACA and (0,0)ACA have significantly lower singlet state energies than the D-A materials,
despite both lacking the /Bu donor substituents that make it more strongly electron donating.®! We
note that due to this structural difference the energies of the D-A and D-A-D materials should not be
compared directly — only the trends within each pair. Although the absence of the tBu groups would
typically lead to weaker CT strength and blue-shifted emission, the opposite observation here hints at
cooperative effects between the two donors yielding a stronger overall CT state than each D can
generate alone. Similar effects are likely responsible for the different emission colours of
4CzIPN/2CzIPN, 4CzPN/2CzPN (both pairs green/blue**-? with additional/fewer Cz units) and other
multi-carbazole systems.’® However, this comparison is complicated by the potential for steric
interactions between neighbouring carbazoles.>* Such steric interactions can be disregarded for the


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc04171a

Page 5 of 17 Journal of Materials Chemistry C

well-spaced DMAC donors in the present materials though, giving clearer insight intg the p o,
electronic effects associated with different substituent positions.

In terms of triplet energies the materials show more noticeable differences. The triplet energy of mDA
(2.95 eV, from PH onset wavelength) is higher than that of DA (2.91 eV), which was previously
explained in terms of different D-A coupling strengths and conjugation at different positions relative
to the A, arising from the effects of electronic resonance structures. The triplet energy of (o,m)ACA
(2.81 eV) is surprisingly significantly lower than that of (0,0)ACA (2.86 e¢V). In both materials the
common oDA sub-unit appears to control the lowest energy triplet state, but it is not readily apparent
why (0,m)ACA has a significantly lower triplet energy (50 meV) than (0,0)ACA. Indeed, the only
structural difference is the presence of the mDA sub-unit in (o,m)ACA, which has a higher intrinsic

Open Access Article. Published on 18 November 2021. Downloaded on 11/19/2021 9:30:32 AM.

@
§ triplet energy. Combined with near-identical singlet energies, this lower triplet energy therefore also
% leads (0,m)ACA to have a significantly larger AEsr gap. Although it is not immediately clear how this
5 intrinsically higher triplet energy structural subunit could lead (o,m)ACA to have a lower overall
5 triplet energy, the consequences of this difference are immediately evident in subsequent
= measurements.
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Figure 1: a) Absorption (ABS), photoluminescence (PL) and phosphorescence (PH) spectra of
(0,m)ACA and (0,0)ACA in DPEPO films, b) Comparison of PL spectra with previously investigated
D-A materials (also in DPEPO host), and c¢) comparison of PH spectra of the same. PH spectra
recorded at >50 ms delay following pulsed 355nm excitation, with sample at 80 K.
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Figure 2: Emission decay kinetics of D-A-D and D-A materials at room temperature in DPEPO films.

The emission decay kinetics of (0,m)ACA and (0,0)ACA are presented in Figure 2, alongside those
of mDA and oDA. Similar to what was previously observed with the D-A materials, the individual
time-resolved spectra that make up the (0,0)ACA and (0,m)ACA decays (Figures S6 and S7) stayed
roughly constant throughout the prompt fluorescence time regime (PF, 1-100 ns), later undergoing a
slight spectral redshift through the delayed fluorescence (DF, 100 ns onward). This behaviour is
typical of TADF materials with C-N linkages, arising from structural relaxation and/or dispersion of
rISC rates associated with a distribution of molecular geometries and CT energies.

Overall the decay kinetics of (0,0)ACA and (0,m)ACA are much more alike than those of mDA and
oDA. In particular the similar PF decay lifetimes (Table 1) strongly suggest that the emission
emerges from the same CT state in both materials (i.e. that formed between the acceptor and an ortho-
donor). In contrast the PF lifetimes are considerably different in mDA and oDA, reflecting the
different CT states which give rise to these emission regimes in those two materials.

In the DF regime the delayed emission is significantly stronger and more rapid for oDA than for
mDA, previously explained due to the different donor-acceptor electronic couplings at the different
positions around the benzonitrile ring. While the DF emission is both weaker and slower in
(0,m)ACA than in (0,0)ACA, the differences between the D-A-D materials are much less pronounced
than for the D-A materials. Nonetheless, this inferior DF performance in (0,0)ACA presumably
results from smaller relative rates of ISC (controlling DF intensity) and smaller rates of rISC
(controlling DF decay rate) extracted by kinetic fitting of the decays.®* In (0,m)ACA and (0,0)ACA
the established differences in AEgr are able to explain these differences, as both processes rely on
near-isoenergetic electronic states to make the otherwise spin-forbidden process rISC proceed at
appreciable rates.

DOI: 10.1039/D1TC04171A
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S] Tl AEST PLQY PF lifetime | DF lifetime kf leC krlSC

eV) | V) | (meV) |4 (ns) © (us) © (x106s 1) | (x107s1) | (x10°s)

a b c f f f
(o,m)ACA | 2.89 | 2.81 80 70 62+12 17 3.6 1.5 0.6
(0,00ACA | 2.88 | 2.86 20 75 80+20 8.7 4.3 2.7 1.8

2 from steady-state PL onset

b from PH onset (>50ms delay, 80K)

¢S-T,

4 measured in integrating sphere under nitrogen, 310nm excitation

¢ from exponential fitting of PF or DF decay regions

fRates of fluorescence (k), ISC (kisc), and rISC (k,sc) from kinetic fitting of PF and DF region®

OLED performance

The electroluminescence performances of (0,0)ACA and (0,m)ACA were investigated in a previously
optimised'3-¢164-66 device architecture consisting of ITO | NPB (40 nm) | TSBPA (10 nm) |
emitter: DPEPO x vol% (30 nm) | DPEPO (10 nm) | TPBi (40 nm) | LiF (1 nm) | Al (100 nm). The
concentration of emitter in the emissive layer was optimised at 20% for (0,0)ACA, with this
concentration then also used for (0,m)ACA. The key electroluminescence properties of the devices
are presented in Figure 3, and in Table 2. This device architecture relies on DPEPO for electron
transport through the emissive layer, with the DMAC-containing emitter providing hole transport.
Consequently, (0,0)ACA devices using hole-transporting mCP as the emissive layer host (with no
material capable of providing electron transport) displayed slightly blue-shifted emission spectra but
much lower efficiencies (typically <10% EQE,..,, Figure S8). This is despite the triplet energies of
the mCP (~2.97 eV)¥ and (0,0)ACA (2.86 eV) appearing compatible from photophysical

measurements.
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Figure 3: OLED performance of D-A-D materials: a) I-V curves with device stack inset. b) EQE

curves with EL spectra inset.
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Turn on
Voltase |  EQEma EQE EQEww | EQByups | CIE
(V)g (% @ cd/m?) | (% @ cd/m?) | (% @ cd/m?) (% @ cd/m?) (x,y)
21.4 18.6 12.8 5.6
(o,m)ACA 4.0 @15 @ 109 @ 1250 @?2511 0.18,0.33
24.8 22.5 17.8 9.5
(0,0)ACA 4.0 @ 10 @ 74 @ 1266 @ 3090 0.18,0.33

The near-identical electroluminescence colour (and CIE coordinates) of the (0,0)ACA and (0,m)ACA
devices are in line with their near-identical film PL spectra. The near identical I-V curves also indicate
near identical charge transport properties as well. We note that the emission colour is not as deep-blue
as similar materials reported by Noda et.al,®® confirming that the analogous diphenylacridine D unit is
a weaker electron donor than DMAC. The maximum external quantum efficiencies (EQE,,,x) of the
two emitters are both in line with their similar PLQY's and different rISC rates, which govern OLED
performance in the low-driving regime where rISC competes favourably with other quenching
mechanism.

At higher driving voltages the performance of the (0,m)ACA device suffers considerably, as the same
quenching processes that rISC competes with at low driving conditions scale strongly with current
and exciton density. Normalised EQE curves are presented in Figure S8 to facilitate comparison of
this efficiency roll-off behaviour. Accordingly, the maximum brightness that the (0,m)ACA device
can achieve is also lower. All of this behaviour is consistent with its lower rate of rISC, leaving it
unable to harvest triplet states fast enough to avoid multi-exciton or charge-exciton quenching and
degradation processes at larger driving currents. While the (0,0)ACA device also suffers quenching at
higher driving, it is able to resist these processes more effectively due to its faster rISC rate.

The device performance is therefore entirely in line with expectations built upon the preceding optical
results. We note that alongside the following physical insights arising from comparison of (o,m)ACA
and (0,0)ACA, these results also establish both materials as objectively high-performance cyan TADF
emitters. Such emitters with good TADF but less-than-ideal emission colour are currently enjoying
expanded utility as sensitisers for deep-blue hyperfluorescence OLEDs. 33636973

Discussion and DFT calculations

As previously stated, all of the optoelectronic results in the previous section flow logically from the
observation of similar singlet but different triplet energies for (o,m)ACA and (0,0)ACA. From a
materials design perspective, the interesting question is why the triplet energies are so different,
despite their similar chemical subunits and identical singlet energies. This question is especially
difficult to answer as it goes against the trend established in the simpler oDA and mDA materials.
This outcome means that the underlying cause must somehow be an emergent property arising from
the presence of both donors and their resulting interactions — interactions absent in the D-A materials.
If this were not the case, (i.e. if these materials behaved simply as the sum of their D-A
analogues/fragments) we would expect the triplet energies to either be identical, or to follow the same
trend as seen for the D-A materials with the mDA fragment leading to higher overall triplet energy in
(0,m)ACA — in conflict with observation.
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To better understand this behaviour we turn to DFT calculations. Calculations were performed ‘Withet o
the Gaussian 09 package’™ using isolated molecules optimized at the rBMK/6-31G(d) level in gas
phase. The spectroscopic properties of the molecules and their excited states were calculated by
means of time-dependent DFT (TD-DFT)” also employing the 6-31G(d) basis set. The BMK
functional was chosen as it has shown to be adequately reliable for the description of the low energy
excited states in D-A CT compounds (including oDA and mDA), both by us?*1.7678 and by others

including in benchmarking studies.”®*!

Figure 4 shows the NTOs and energies calculated for relevant triplet and singlet states in (0,m)ACA
and (0,0)ACA. By inspecting the singlet NTOs in (0,m)ACA we first note that the CT singlet
associated with the ortho- donor (S;) is lower in energy than that associated with the meta- donor CT
state (S,). This is in agreement with expectations and the trends established for oDA and mDA, while
the similarities between the donor/acceptor-centred NTOs here and donor/acceptor-centred
HOMO/LUMO distributions previously reported for oDA and mDA confirm that these are
predominantly CT transitions. In (0,0)ACA the S; and S, states are much closer in energy, and each
involves both of the ortho- donor units. We suggest that these represent symmetric (S;) and
antisymmetric (S,) combinations of otherwise degenerate CT states associated with either the left or
right donor individually, and that the involvement of both donor units may contribute to the slightly
faster kr and higher PLQY observed for (0,0)ACA. This is analogous to the formation of symmetric
(bonding) and antisymmetric (antibonding) molecular orbitals from combinations of degenerate
atomic orbitals (Figure 5a). For the first two triplet states of CT nature similar trends are observed.
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Figure 4: a) Adiabatic singlet / triplet energy diagram of (0,m)ACA and (0,0)ACA (TDA-DFT
rBMK/6-31G(d)); b) selected set of natural transition orbitals (NTO) of (0,m)ACA and (0,0)ACA
(TDA-DFT rBMK/6-31G(d)) (isovalue =0.01)).

The first triplet state of LE nature is T3, centred on the A unit in both materials and with nearly
identical NTOs. This LE triplet state is the one relevant to vibronic coupling and rISC, and
corresponds to the same triplet state identified by phosphorescence measurements in the previous
sections (labelled in that section as T, with CT triplet states frequently non-emissive). To discount the
alternative assignment (i.e, PH from CT states), we note that although the PH spectra are not
structured, this alone is not enough to assign CT character to the PH state. Ultimately in the
discussions below we present a mechanism that can cause the LE triplet sates to be significantly
different in energy while leaving CT singlet states unaffected — as is observed experimentally. In
contrast, we are not aware of any mechanism that could explain different CT triplet states in
(0,m)ACA and (0,0)ACA while leaving CT singlet states unaffected.
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Interestingly, the calculated T; energies of (o,m)ACA and (0,0)ACA are in the opposite orded d8ce 00
found experimentally, with about the same difference in triplet energies in both cases (~50 meV). In
the following discussion we propose a mechanism that explains the observed triplet energy ordering
and why this is not reflected in calculations. We note that the reason for the experimental (0,m)ACA
triplet energy being lower than (0,0)ACA cannot be due to the combination of individual couplings of
the A to the two D units. If this were the case we would expect the two materials to either have
identical triplet energies (from coupling between the A and the ortho- D in each material), or for
(0,m)ACA to have a higher triplet energy than (0,0)ACA (due to coupling between A and meta- D,
which is intrinsically higher in energy as in mDA). Any such state-mixing between LE and CT states
is also unlikely to be a contributing factor, due to the forbidden nature of mixing these states with
different orbital symmetries.3%83

Instead we propose that the LE Tj states in both (0,m)ACA and (0,0)ACA interact with higher-lying
LE states delocalised across both donor units (D-D states). A representative state diagram is presented
in Figure Sb, showing how these unoccupied electronic states would form. A similar explanation was
recently employed to explain the performances of a series of differently connected multicarbazole
TADF materials, although that study invoked the active participation of delocalised multi-D or multi-
A states in the formation of CT states. The conclusions of that work are also complicated by the
potential for additional steric interactions between the carbazole donors.>* These factors are avoided
here by the use of well-spaced donors, and the ability of DMAC to manage its own steric
environment.?’

The proposed D-D states are (to first approximation) formed by linear combinations of the individual
donor LE states (Figure Sb), and so one of these D-D states (the symmetric combination) is expected
to be the lowest-energy LE singlet state in each molecular system. This expectation is supported by
the absorption spectra of the two materials, discussed in more detail below and presented in Figure
S9, which show the first major absorption band at a wavelength consistent with DMAC.3* These D-D
states (in either singlet or triplet multiplicity) are therefore also some of the closest LE states in energy
to the (o,m)ACA and (0,0)ACA LE T; state, and so are likely candidates for explaining why their
energies differ. These D-D states are also unoccupied, which explains why the DFT calculations are
unable to accurately predict the order of (o,m)ACA and (0,0)ACA T; energies compared to
experiment. Accurately accounting for such interactions with unoccupied states would instead require
more advanced multireference or complete active space ab-initio methods, which are impractical for
molecules of this size.
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Applying molecular orbital theory in the symmetric and asymmetric D-A-D systems, we can infer
several properties of the D-D states and how they would differ. Due to different conjugation strengths
across the linker unit for (o,m)ACA (pD-D state) than for (0,0)ACA (mD-D state), we would expect
the pD-D state to be lower in energy and have larger electron density on the central bridge region
(Figure 5b). This would subsequently lead to a larger orbital overlap between the pD-D state and the
3LE state associated with the A unit (°LE,) in (0,m)ACA as compared to mD-D in (0,0)ACA. The
resulting state mixing between D-D and 3LE, states lowers the observed phosphorescence energies in
both materials compared to calculations, which cannot account for interactions with unoccupied
orbitals. Due to increased orbital overlap the state mixing with the 3LE, is more extensive for pD-D
than for mD-D, leading to a yet lower triplet energy in (o,m)ACA and the observed ordering of
experimental phosphorescence energies (Figure Sc¢). While other higher-energy LE states would also
be influenced by interactions with the D-D states, none of these higher LE states are measured or
expected to influence the TADF properties. Due to differences in the shapes of their excited state
wavefunctions leading to zero overlap integral, the CT states are not expected to interact with the D-D
states, and so are totally unaffected both in calculations and experiment (identical PL spectra and S,
energies).
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Supporting these expected properties of the D-D states, similar trends in excited state engrgy, in 0heres 7
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para- or meta- linked bichromophores are commonly reported,®”-33% for example the higher triplet
energy of mCBP (2.8 e¢V) compared to para-linked CBP (2.6 eV). Donor interactions of a similar
nature over para- linkages may also be responsible for lower energy emission in recently reported
multi-resonance materials using para- bichromophore designs,?® or when decorated with additional
carbazoles.® This explanation is also entirely consistent with the effects of donor position on excited-
state energies previously reported for 0DA and mDA? and by others in analogous systems.3?

a) b)

00 -)=15-1s)

—_— S

c) ~.  mDD

“f@"?ﬁ:tcﬁ

[s1) [s2) |Dleft N\éﬁ ‘Drlght |3LEA) .
SN (o o)ACA
— . »—&
o) = [s1} + [s2) H\é\pD-D (0,m)ACA

Mixing of electronic states Formation of D-D states Mixing 3LE, with D-D states
alters triplet energies

Figure 5: State diagrams showing: a) Formation of symmetric and antisymmetric molecular orbitals
from pairs of degenerate atomic orbitals. b) Analogous proposed formation of D-D states with
different energies due to stronger or weaker conjugation across meta- or para- bridges in (o,m)ACA
(pD-D) and (0,0)ACA (mD-D). c) Different D-D energies and extents of interaction with the
acceptor-centred LE triplet state (*LE,) lead to different experimental triplet energies. All orbital
representations and implied relative state energies are indicative only.

The lower triplet energy in (0,m)ACA is therefore identified as an emergent property of the pair of
donors. This lowering of triplet energy is irrelevant to the analogous DA or mDA materials, and is
impossible to predict by considering these fragments in isolation. These results therefore demonstrate
that a ‘bottom-up’ approach to understanding TADF materials — recently espoused for 4CzIPN>? —
simply untenable as it cannot account for these kinds of emergent higher-order effects. We also
suggest that much of the complex photophysics of 4CzIPN is more likely attributable to the presence
of persistent dimer species.3430-!

Although based on well-established principles of molecular orbital theory, much of the previous
explanation is speculative. Nonetheless some evidence for the existence of the proposed D-D states
can be found in the experimental absorption spectra (Figure S9). In DPEPO films and a range of
solvents we consistently observe a redshift in the main absorbance band (peak at ~275 nm, attributed
to DMAC) in (0,m)ACA compared to (0,0)ACA. We suggest that this redshift is due to the presence
of a weak underlying band associated with excitation of the pD-D singlet state. In (0,0)ACA the mD-
D state is expected to exist at higher energies, and therefore remains subsumed by the main donor
DMAC absorption band. These D-D states then go on to influence the relevant LE triplet energy in
each material. Furthermore, the absorbance spectra also show the same weak direct CT absorption
bands in both (0,0)ACA and (0,m)ACA at ~375 nm. In each material this band corresponds to two
closely spaced (unresolved) CT state absorptions, consistent with the DFT calculations and prior
understanding of the oDA or mDA materials. In both cases this indicates that formation of the CT
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state involves only a single donor, and is unimpacted by the presence of the other (consistent Withco s
both materials sharing the same PL spectrum).

Because (0,m)ACA and (0,0)ACA introduce minimum additional complexity compared to oDA or
mDA, there are few other explanations aside from D-D interactions that can potentially explain the
trends seen here. While an intuitively satisfying example of basic physical chemistry principles in
action, these results also demonstrate a new method of control in TADF materials. In contrast to
external host-tuning of CT singlet states to minimise AEsr,> multi-donor interactions may in future be
used as a tool to selectively tune triplet states. These results also firmly demonstrate that ‘bottom-up’
approaches to understanding TADF materials are overly simplistic, and that understanding the
properties of D-A-D materials purely in terms of their D-A subunits may not be a generally
achievable goal.

Conclusion

Two D-A-D TADF materials were compared with analogous D-A compounds. Despite displaying
near-identical singlet energies and PLQYs, the triplet energies — and subsequent TADF performances
— were markedly different and showed opposite trends as the D-A materials. We suggest that
molecular orbital interactions with higher energy multi-donor LE states are responsible for these
unexpected changes in triplet energy, with interaction strength modulated by the linkage patterns of
the two donor subunits. The identification of these emergent multi-donor effects — not complicated
here by any additional impacts of steric environment changes — demonstrates that bottom-up
approaches to understanding TADF behaviour are unlikely to succeed. This includes the previously
coveted ability of extrapolating D-A-D properties from those of smaller D-A fragments. These multi-
donor effects nonetheless demonstrate a new approach for selectively tuning molecular triplet states,
which may work in tandem with more well-established host-tuning of excited singlet states.
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