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One of the key challenges in developing efficient organic light-emitting diodes
(OLEDs) is overcoming the loss channel of triplet excitons. A common
approach to mitigate these losses to enhance the external quantum efficiency
of OLEDs is employing emitter molecules optimized for thermally activated
delayed fluorescence (TADF) or triplet-triplet annihilation (TTA). However,
achieving both in the solid state from the same organic chromophore poses a
formidable challenge due to energetic and structural requirements needing to
be met simultaneously. Here, we demonstrate TADF and TTA in donor-
acceptor phthalimide derivatives by employing triphenylamine (TPA) or phe-
nyl carbazole (PhCz) as a donor. Thin films of the TPA-substituted phthali-
mides doped in the poly(methyl methacrylate) matrix exhibit TADF emission
from the singlet charge-transfer (CT) state. On the contrary, PhCz-substituted
emitters display dominant TTA-induced delayed fluorescence in the neat film
due to long-range molecular ordering that facilitates efficient triplet diffusion.
The present study provides insight into how dual TADF-TTA delayed fluores-
cence can be realized in thin films of molecular semiconductors via rational
molecular design.

Organic light-emitting diodes (OLEDs) have attracted immense atten-
tion in display and illumination technologies due to their flexible
device structures and multicolor emission'>. OLEDs have several
advantages over other display technologies, such as a brighter display
with higher resolution and less power consumption than equivalent
liquid crystal displays (LCDs)’. However, the primary impediments to
large-scale OLED commercialization are limited lifetime, high cost, and
poor efficiency. In a typical electroluminescence OLED device, uncor-
related charges are injected from electrodes, leading to a probability of
singlet excitons (S;) with 25% and triplet excitons (T;) with 75% yield*".
Triplet excitons are long-lived with very low radiative efficiencies and
are primarily unutilized, which limits the overall efficiency of OLEDs®.
Over the years, OLED research has sought ways to overcome the
inherent limitation imposed by charge recombination spin statistics.

A common approach uses organometallic complexes with ~100%
phosphorescence efficiency from increased spin-orbit coupling’®.
However, their high cost, limited photostability and possible toxicity
limit the broad application of such OLEDs’. More recently, there has
been a surge in the development of a new class of purely organic
material that circumvents triplet exciton losses'* . In these materials,
triplet excitons are harvested via thermally activated delayed fluores-
cence (TADF) and triplet-triplet annihilation (TTA). To trigger a rapid
and efficient reverse intersystem crossing (rISC) in TADF molecules, a
small S-T gap (AEst) stemming from an ultra-small exchange integral (J)
is vital®™"". Adachi and co-workers have demonstrated enhanced OLED
device efficiency, with internal quantum efficiencies (IQE) up to 100%,
by introducing purely organic TADF materials as emitters'®. Although
TADF has been extensively studied over the past decade, TTA is rarely
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exploited because of its complicated mechanistic pathway. In the TTA
process, two triplet excitons need to annihilate to generate an excited
singlet state that emits delayed fluorescence (DF)*. As the annihilation
of two triplets produces nine possible eigenstates, one singlet (‘TT),
three triplets °TT), and five quintets (TT), the IQE of an OLED can be
boosted up to a maximum of 62.5%'®. In addition, TTA materials have
potential applications in photovoltaics, photocatalytic devices, and
biological imaging due to their ability to generate anti-Stokes emission
via upconversion (TTA-UC)”. In TTA-UC, a series of energy-transfer
steps involving a two-component system, usually an organometallic
triplet sensitizer (or donor), and an annihilator (or acceptor) are
required. Therefore, achieving the TTA process in an organic chro-
mophore without the aid of a triplet sensitizer remains challenging.
Furthermore, TTA is usually observed in solution, where the collision
between triplets is feasible™. In molecular films, however, TTA
requires efficient triplet diffusion, which can be attained by increasing
molecular concentration and tuning the molecular structure®. Fused
aromatic cores, e.g., anthracene, rubrene, pyrene, etc. display TTA
upconverted delayed fluorescence. However, they require a sensitizer
as they lack sufficient triplet population to facilitate annihilation.
Therefore, a rational molecular design strategy for developing TTA-
based delayed fluorescence emitters for OLEDs remains challenging?.
Monkman and co-workers studied delayed fluorescence (DF) in exci-
plex systems by mixing different organic donor (D) and acceptor (A)
materials®>. They observed competing TADF and TTA emissions
depending on the relative energy of the local triplet CLE) state. Addi-
tionally, Zysman-Colman and co-workers reported heptacene-based
emitters displaying dual TADF and TTA emission in which the TTA
occurred after the TADF?. However, TTA emission could only be
achieved in a dilute THF solution, not a thin film*. Conversely, they
observed TADF emission in both solution and thin film. Therefore,
controlling dual TADF and TTA-induced DF in the solid state from an
organic molecule is difficult, and **, demands unique molecular design
criteria for its exploitation in OLEDs.

In the present work, we provide a molecular design strategy
composed of a donor-acceptor system to exploit TTA and TADF. We
have opted for an electron-deficient ‘phthalimide’, one of the smallest
analogs of an aromatic imide, as the acceptor core” %, Although there
are a few reports on phthalimide-based molecular systems as emitters
in TADF-based OLEDs, an in-depth analysis of the photophysics of the
delayed emission in those systems is seldom investigated”*°. As
electron donors, we have chosen electron-rich phenyl-carbazole
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(PhCz) and triphenylamine (TPA) groups and substituted those to the
phthalimide core to design two D-A and two D-A-D systems. The pre-
sence of carbonyl groups in the phthalimide core facilitates the
intersystem crossing (ISC) rate through n — i’ transitions in accor-
dance with El-Sayed’s rule, which is a key requirement in TADF
systems®. Though TPA and PhCz are structurally alike, the ¢ bond
linking the two phenyl groups in PhCz yields a planar geometry com-
pared to the twisted structure of TPA, which we envisage influences the
excited state ‘charge transfer’ (CT) strength and enhances molecular
ordering. We observed dominant TADF emission in the poly(methyl
methacrylate) (PMMA) films of TPA-substituted phthalimide deriva-
tives (1wt.% doped). Conversely, DF originated from TTA dominated
the neat films of PhCz-substituted phthalimide derivatives as a result
of extended molecular packing via m-stacking facilitating efficient
diffusion of triplet excitons. This study presents an effective approach
to control delayed fluorescence through precise donor engineering.

Results and discussion

Synthesis

All four phthalimide derivatives were synthesized according to Fig. 1.
Detailed synthetic schemes and procedures are given in the SI (Sup-
plementary Note 1). The synthesis of mono-substituted phthalimide
derivatives (Pth-1PCz and Pth-1TPA) was performed via Suzuki cross-
coupling reaction using the boronic esters of phenyl carbazole (PhCz)
and triphenylamine (TPA) (Fig. 1, Supplementary Fig. 1). The syntheses
of the di-substituted phthalimide derivatives, i.e., Pth-2PCz and Pth-
2TPA, were performed using the aforementioned donors and di-iodo-
substituted phthalimide derivative via a similar Suzuki cross-coupling
reaction (Fig. 1, Supplementary Fig. 2). All derivatives were well char-
acterized using NMR spectroscopy and mass spectrometry, details of
which are summarized in the SI (Supplementary Figs. 5 -20).

Theoretical Calculations

Ground-state structures were optimized with the density functional
theory (DFT) to gain insight into the relationship between molecular
structures and electronic properties of phthalimide derivatives while
varying the type and number of electron-donating groups. Energy-
minimized structures for each of the mono- and di-substituted mole-
cules are shown in Fig. 2a. These reveal major differences in the donor-
acceptor dihedral angle; 37° for the mono-substituted derivatives Pth-
1PCz and Pth-1TPA, whereas in the di-substituted derivatives, the
dihedral angles between phthalimide and the donors increase to 49°
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Fig. 1| Molecular structures and synthetic route for the investigated molecules. Synthetic scheme of (a) mono and (b) di-substituted phthalimide derivatives.
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Hole

Fig. 2 | Theoretical calculation results of the investigated molecules.

a Calculated structures of Pth-1PCz, Pth-2PCz, Pth-1TPA and Pth-2TPA (from top to
bottom) in the ground state (So) in chloroform. b Natural transition orbitals (NTOs)
for the S, state at the optimized So geometry for optical absorption in chloroform
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(Hole and electron wave functions with the largest weight (%) and oscillator
strengths (f) are provided), and (c) calculated vertical S; and T, energies and AEst of
four phthalimide derivatives (in toluene). All the theoretical calculations were
performed using the B3P86-30%/TVP-f level of theory.

for both PhCz and TPA (Fig. 2a), which can be ascribed to the steric
hindrance between two ortho-linked donors. On the other hand, the
dihedral angles between the carbazole and diphenylamine with the
phenyl spacer are 56° and 33°, respectively (Fig. 2a). We also found that
the rotational barriers of the mono- and di-substituted species are
quite high (Supplementary Fig. 21), so it can be deduced that the lower
energy minimum preference is over 99% in all cases at room tem-
perature. From these differences in geometries, we expected two dif-
ferent perspectives regarding their electronic structures™. First, the
larger dihedral angles in di-substituted derivatives would lead to
smaller J values due to smaller overlaps between the hole and electron
wavefunctions, giving rise to lower both AEsr and oscillator
strengths®?**, Second, TPA, having stronger electron donating ability
than PhCz owing to smaller dihedral angles between phenyl and
nitrogen parts, reveals stronger conjugation so that both the S; and T,
energy levels could be lowered. We confirm these speculations by
calculating both the vertical (Franck-Condon point from Sp) and
adiabatic (structurally relaxed) S; and T; energies (Fig. 2c and Sup-
plementary Table 1) both in vacuum and when it may be affected by a
dielectric medium. For Pth-1PCz and Pth-1TPA, adiabatic AEst values
are less than or close to 300 meV, sufficient for the molecules to
undergo TADF?. For Pth-2PCz and Pth-2TPA, adiabatic AEsy values are
less than half the values of the singly substituted species, 0.13 and
0.12 eV in THF (Supplementary Table 1). The natural transition orbital
(NTO) analysis further confirms that for the first singlet excited (S;)
state (Fig. 2b), hole and electron densities are primarily localized on
the donor and acceptor part, respectively, supporting small AEst
values for all chromophores. Spin orbit coupling matrix elements

(SOCME) between ground and the first two triplet states are small
< 0.23 for Pth-1PCz and Pth-1TPA, and < 0.51 for Pth-2PCz and Pth-2TPA
(Supplementary Tables 2-5). Pth-IPCz and Pth-ITPA couple more
strongly between S, and T, Pth-2PCz and Pth-2TPA couple mainly
through S, and T,. The SOCME and AEsy values indicate that rISC rates
can be expected to be significantly larger for the doubly substituted
than for the singly substituted species. However, the calculations do
not predict any substantial difference between PhCz and TPA species.
Since the electronic structures of these systems are very similar, one
can safely assume that any DFT errors affect all the molecules similarly
and that the lack of differences is not an artifact of DFT. The different
photophysical properties of the PhCz and TPA species observed
experimentally (see below) must therefore be caused by effects
beyond electronic structure differences.

Photophysics in solution

The photophysical properties of the phthalimide derivatives were
determined with steady-state UV-visible absorption and emission
measurements in a dilute solution (Fig. 3a). In Pth-1IPCz and Pth-2PCz,
we observe sharp absorption bands in the 280 — 360 nm region, which
are assigned to m-t* transitions as local excitations (LE) on the carba-
zole donor group (Fig. 3a, Supplementary Fig. 22a, b). The broad fea-
ture at lower energy (360-440nm) exhibits a red shift with an
increase in the solvent polarity (from non-polar cyclohexane to polar
chloroform), indicating its charge-transfer (CT) nature from the
interaction between the electron-rich carbazole and the electron-
deficient phthalimide moiety (Supplementary Fig. 22a, b). Similar ‘CT’
features are also observed in Pth-ITPA and Pth-2TPA (Fig. 3a,
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Fig. 3 | Absorption and emission spectra of the investigated molecules in

solution and thin film. Normalized UV-visible absorption and emission spectra for
the four phthalimide derivatives in (a) dilute toluene solution and (b) 1 wt.% doped
in PMMA matrix ([c] =10 pM for all solution measurements, Aexc. = 360, 370, 390,
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and 405 nm for Pth-1PCz, Pth-2PCz, Pth-1TPA and Pth-2TPA, respectively, for both
solution and PMMA film; the inset photographs were taken under UV light
excitation).

Supplementary Fig. 22¢, d). The corresponding emission spectra are
broad and structure-less for all the derivatives and show strong sol-
vatochromism as bathochromic shifts in solvents of increased pola-
rities, consistent with the formation of a CT state (Fig. 3a,
Supplementary Figs. 23-24)*2°. Time-resolved emission measure-
ments in dilute toluene solution give CT lifetimes of 4.79, 8.38, 5.08,
and 9.47 ns for Pth-1PCz, Pth-2PCz, Pth-1TPA, and Pth-2TPA, respec-
tively, consistent with differences in transition oscillator strength cal-
culated for each derivative (Supplementary Fig. 25). All other
photophysical data are summarized in Supplementary Tables 6-9.

Photophysics in the solid state

Steady state photophysical studies of the four derivatives in thin films
were performed to understand the behavior of the molecules in the
solid state, as it is more relevant to OLED fabrication. To prevent
aggregation and effectively harvest the triplet excitons, we dispersed a
small amount of the molecule (1 wt.%) in a polymeric host poly(methyl
methacrylate) (PMMA), which is well-known to reduce triplet exciton
quenching by minimizing vibrational dissipation and oxygen
permeability”’. The steady-state absorption and emission spectra of
the derivatives in the PMMA matrix are shown in Fig. 3b. All the
phthalimide derivatives exhibit intense emission in PMMA film with
high PLQYs of 92, 84, 95, and 74% in Pth-1PCz, Pth-2PCz, Pth-1TPA, and
Pth-2TPA, respectively (Supplementary Table 10). These values are
reminiscent of the PLQYs measured in low-polarity solvents (Supple-
mentary Tables 6-9). The prompt fluorescence (PF) lifetimes of the

derivatives measured by TCSPC are 5.89, 9.96, 6, and 11.47 ns for Pth-
1PCz, Pth-2PCz, Pth-1TPA, and Pth-2TPA, respectively (Supplementary
Fig. 26, Supplementary Table 10), comparable to the dilute low-polar
solutions.

To obtain a deeper understanding of the photophysical phe-
nomena occurring in the polymeric matrix, we conducted time-
resolved gated emission measurements at both room temperature
(RT) and 77K to capture the full emission evolution from prompt to
delayed fluorescence to phosphorescence (PH) (Figs. 4a, 5a, Supple-
mentary Figs. 27a, 28a). When TADF occurs, the intensity of the
delayed component increases with increasing temperature, indicating
that thermal energy activates the delayed emission®. Conversely, an
inverse temperature dependence is found for PH*®. Here, we record
data spanning over eight orders of magnitude in time and twelve
orders in intensity, revealing decay kinetics with PF and two regions of
DF (Figs. 4b, 5b, Supplementary Figs. 27b, 28b). In the millisecond time
range, the films also show PH at 77 K and RT in an oxygen-free envir-
onment (Supplementary Fig. 29). We observe a significant enhance-
ment in phosphorescence intensity under oxygen-free conditions
compared to ambient conditions, likely due to decreased quenching of
triplet excitons by oxygen in air®. Fig. 4a shows PF, DF (at 100 ps delay)
and the PH spectra (1 ms delay) for Pth-2TPA. Interestingly, two distinct
DF regions are observed in the time-resolved emission profiles for Pth-
2TPA (Fig. 4b). The first DF region (200 ns to 7 ps) displays no pro-
minent temperature dependence. Conversely, the second DF region
(20 ps to 900 ps) shows significant intensity enhancement upon
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Fig. 4 | Evidence of thermally activated delayed fluorescence (TADF) in thin film
of Pth-2TPA. a Plots of normalized PF (prompt fluorescence), DF (delayed fluor-
escence at 100 ps delay) at room temperature and PH (phosphorescence at 1 ms
delay) at 77K for Pth-2TPA. b Decay kinetics of 1wt.% Pth-2TPA in PMMA film as a
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temperature increase from 77K to RT. A systematic temperature-
dependent study of Pth-2TPA at 100 ps delay (Fig. 4c) shows a
monotonic increase with temperature, indicative of thermal activation
of the second DF region. The DF could result from either TADF or TTA
processes, which can be identified from their excitation power
dependence; TADF shows a linear dependence on the emission
intensity, whereas TTA shows quadratic dependence*. For Pth-2TPA,
the power dependence (Fig. 4d, Supplementary Fig. 30a) for the first
and second DF regions (Time Delay /TD =1 ps and 100 ps) yield slopes
of 1.26 and 0.98, respectively. This suggests that TADF is the dominant
DF mechanism in the second DF region, whereas, in the first DF region,
a value slightly higher than unity implies the possibility of a negligible
contribution to the TTA process. Furthermore, the TADF dynamics in
Pth-2TPA are consistent with the observations in similar TADF
systems™*, in that the kinetics of the entire decay can be modeled with
a sequence of decay laws, concordant with the dominant mono-
molecular processes observed (Supplementary Fig. 31a). The lowest
energy onset of the PF spectrum provides the S; energy of 2.02 eV
above the ground state (Supplementary Table 11). The T; energy
obtained from the lower energy onset of the phosphorescence spec-
trum is estimated as 1.84 eV above the ground state (Supplementary
Table 11). The corresponding AEst of 180 meV is sufficient to facilitate
rISC observed in Pth-2TPA. All the kinetic parameters are summarized
in Supplementary Table 12.

Markedly different behavior is observed for Pth-ITPA (Supple-
mentary Fig. 27a, b). The first DF region shows a slope of 1.51 (when
TD =1 ps) (Supplementary Fig. 30b). Slopes with intermediate values
between 1 and 2 have been observed previously”. This is usually
interpreted as being due to both TTA and TADF processes operating
within a given time regime (such as DF region 1), and with TTA being a
bimolecular process and therefore slow, it competes with the rISC
process®. The second DF region, however, displays a lower slope of

1.03. Since the energy gap between the S; and T; excited states is
moderate (-250 meV), rISC can occur, facilitating TADF emission
(Supplementary Table 11), and the slope near unity identifies the origin
of the second DF region as a TADF process (Supplementary Fig. 27c). In
this case, a fitting analysis of the Pth-ITPA decay kinetics (Supple-
mentary Fig. 31b) shows it can be modeled using an exponential decay
law for the PF region (<50 ns) and a power law (t“) evolution after
~50 ns for TTA recombination characteristic of triplet diffusion. Spe-
cifically, two power law slopes (-0.68 and —1.55) are extracted between
50 ns and 20 ps, indicative of a transition from dispersive triplet dif-
fusion in nonequilibrium to a nondispersive regime where triplet dif-
fusion is in equilibrium*. This behavior confirms the presence of TTA
in these systems and is consistent with what has been observed in the
decay curves of other films for similar applications®. Therefore, the
Pth-1TPA system can exhibit both TADF and TTA under specific con-
ditions. Overall, Pth-1ITPA displays both TTA-DF and TADF emission,
whereas in Pth-2TPA, due to relatively smaller AEst, rISC-mediated
TADF appears to be the dominant pathway.

To understand the effect of donor strength and geometry on the
photophysics of phthalimide-based emitters, we also performed the
same experiments for PhCz- substituted derivatives (Fig. 5, Supple-
mentary Fig. 28). We envisaged that a change in donor strength from
TPA to PhCz would tune the rISC mechanism and subsequently yield
different DF characteristics. The change yielded a switch in the domi-
nant mechanism for DF, as shown by the temperature-dependent
emission kinetics in Fig. 5b, Supplementary Fig. 28b. For Pth-1PCz, a
quadratic dependence on the excitation dose was observed with a
slope of 1.89 (at TD =100 ps) and 1.61 (at TD =1 ps) (Fig. 5¢, Supple-
mentary Fig. 32), suggesting TTA dominated DF in all delay regions. A
similar quadratic dependence was observed for Pth-2PCz (Supple-
mentary Fig. S28¢). The dominant TTA behavior was further confirmed
by the power law slopes that were fit to the decay curves
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(Supplementary Fig. 33a, b). Both Pth-1PCz and Pth-2PCz show a similar
and characteristic evolution from a dispersive to a nondispersive tri-
plet diffusion regime after -1 ps with power law slopes close to —0.5 and
-2, respectively. Pth-1PCz also shows nondispersive triplet diffusion
(slope —2.63) after the PF, consistent with nearly pure TTA in the 100 ps
time regime. As the experimentally calculated AEst for these systems is
relatively large: 290 and 340 meV for Pth-1PCz and Pth-2PCz, respec-
tively (Supplementary Table 11), we anticipate that TTA outcompetes
the rISC process and becomes the dominant DF pathway. Therefore,
the PhCz-substituted derivatives seem to exhibit TTA-induced DF
exclusively. While there are several reports of TTA-induced DF in the
solution state, in the thin film it is rarely observed, with most examples
being in polymeric films****. Highly efficient TTA in molecular films
requires efficient triplet diffusion, which can be increased by increas-
ing molecular ordering®. Two conditions necessary for the TTA pro-
cess are: i) an efficient ISC rate to generate the triplet state and ii) along
triplet diffusion length with efficient triplet migration. A high ISC rate
can be optimized through a molecular configuration designed to
increase the spin-orbit coupling (SOC)*. We speculate that in phtha-
limide chromophores presented in this work, the presence of two
C=0 groups allows access to the triplet manifold through n—m
transitions, resulting in sufficient ISC to generate a large number of
triplet excitons*. Long-range molecular ordering is also required for
efficient triplet diffusion, which can be achieved by m — m stacking in
the molecular arrangement**”. From our studies in PMMA films doped
with PhCz-based phthalimides, we observed a contribution of TTA in
the DF, hinting towards triplet exciton migration even in the dispersed
conditions (Fig. 5a-c, Supplementary Figs. 28, 32). Therefore, in prin-
ciple, annihilation of triplets should be enhanced with increased
molecular concentration. To validate this assumption, we carried out
time-resolved emission studies for the neat films of PhCz-based sys-
tems. The decay curves for neat films of Pth-IPCz and Pth-2PCz show
significant enhancement in the DF intensity (Fig. 5d, Supplementary

Fig. 35a) relative to their 1 wt.% in PMMA films. Further, the excitation
power-dependent studies display characteristic power law slopes in
the decays, and slopes change from -2 to -1 (saturation) in the power
dependence plot (Supplementary Figs. 34, 35b). This observation
provides evidence for enhanced TTA propensity in neat films of PhCz-
based phthalimide derivatives.

To further validate our observation of TTA-dominant DF in PhCz-
based systems, we utilized optically detected magnetic resonance
(ODMR) as a characterization technique. ODMR can be used to study
systems where resonant microwave irradiation leads to changes in the
corresponding photoluminescence intensity. As TTA is a spin-
dependent process, resonant microwave irradiation with the triplet
transitions should lead to changes in the corresponding DF intensity.
Hence, to study the process of TTA in both Pth-1PCz and Pth-2PCz, we
employed photoluminescence-detected magnetic reso-
nance (PLDMR).

Shown in Fig. 6 is the PLDMR of Pth-2PCz neat film measured at
80K, with continuous 365nm excitation. We first measured the
PLDMR spectra by collecting all PL above 400 nm; in this case, we
collected PL due to PF, DF, and PH from the sample. Under these
conditions, we observed strong signals corresponding to |[Amg|= 1
(full-field) and |Amg | = 2 (half-field) transitions. Similarly, full- and half-
field transitions were observed in the PLDMR of Pth-1PCz (Figure S16).
The detection of |[Amg|= 2 (half-field) transitions, along with simula-
tions of the full- and half-field features confirms the detection of
photoexcited triplet states. We then measured the same samples
under the same conditions, with two different wavelength detection
windows of 400-550 nm and 400-450 nm (see Fig. 6 and Supplemen-
tary Fig. 36). In each case, we saw the same PLDMR triplet signals
present. As we reduced the wavelength detection window, the PLDMR
spectra became more dominated by changes in the fluorescence
intensity. Since PF is a spin-independent process and DF due to pro-
cesses such as TTA is a spin-dependent process, the observed PLDMR
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response (particularly in the 400-450 nm PLDMR) must be due to DF in
these samples. In combination with the observed quadratic depen-
dence of DF intensity vs excitation energy in the optical studies (Fig. 5¢
and Supplementary Fig. 28¢), the PLDMR on Pth-1PCz and Pth-2PCz
strongly indicates TTA is active in these materials even at 80 K. Having
carried out PL experiments monitoring the DF emission intensity as a
function of excitation energy, we see that both Pth-1PCz and Pth-2PCz
in neat films exhibit at low excitation energies a slope of -2 while at
higher excitation energies a slope of -1 (Supplementary Figs. 34-35),
which is consistent with a TTA process. The PLDMR experiments were
carried out on neat films. Note, that the same material when in a dilute
1wt.% concentration in PMMA, exhibits a slope of -2 throughout the
measured excitation energy range, as expected for a TTA process.
Hence, we conclude that the PLDMR response must be due to DF
coming from a TTA process.

To further support our hypothesis, we have analyzed the crystal
structure of both Pth-1IPCz and Pth-2PCz. Pth-1PCz forms a triclinic
crystal system with a space group of P1 and Z=2 (Fig. 7a, Supple-
mentary Fig. 37). Intramolecular H-bonds are present in the molecule
at distances of 2.619 and 2.644 A between the phthalimide oxygens
and the H- atoms of the C-1 of the hexyl chain (Fig. 6b). Pth-1PCz units
exhibit inter-molecular C-H-+O interactions at a distance of 2.381 A,
which also offers additional ordering in the molecular structure
(Fig. 7b). Two Pth-1PCz molecules are stacked together by a m —
distance of 3.232 A, as shown in Fig. 7c. In the Pth-IPCz crystal, the
individual units are stacked with alternating m — m distances of 3.367
and 3.378 A, respectively, providing a long-range molecular ordering
depicted in (Fig. 7d), which may facilitate triplet migration. On the
other hand, in Pth-2PCz, the molecules are held together with C-H--O
interactions (2.671 A) between C =0 of the phthalimide with phenyl
hydrogens of the spacer ring through the hydrogen bonding network
resulting in the formation of the molecular dimer*s. The molecule is
held together by the C-H---ir interactions through separations of 2.854,
2.868, and 2.896 A (Supplementary Fig. 38). In addition to C-H--O and
C-H--m interactions, Pth-2PCz also exhibits m — m interactions over
3.385 A indicative of strong m — i overlap in the molecular ensemble
(Supplementary Fig. 38). From the in-depth crystal structure analysis,
we anticipate that the Cz-substituted derivatives show long-range
molecular ordering via strong m — m interactions (Supplementary
Figs. 39-40), which enhances the triplet diffusion propensity in the
solid state, thereby facilitating the TTA process. These results show
that solid-state packing in PhCz-based phthalimide systems plays a
significant role in the TTA-induced DF process, providing direction

towards the design of efficient TTA-based DF emitters. We expect that
further analyzing the electroluminescence of the four compounds
might provide a clear understanding of the differences between TTA
and TADF materials, offering valuable insights for future OLED appli-
cations, which could serve as an extension of the current work.

To investigate the mechanistic pathway, we collected the
phosphorescence spectra for the neat donors (PhCz and TPA) and
the acceptor (Pth-Hex) as 1 wt.% PMMA films (at 77 K with 1 ms delay
time) and compared those with the phosphorescence spectra of the
four derivatives (Supplementary Fig. 41). From the onset of the
phosphorescence spectra, we estimated the triplet energies of the
neat D/A units, which have been calculated to be 2.33, 2.52 and
2.28eV for PhCz, TPA and Pth-Hex, respectively (Supplementary
Table 13). Interestingly, the phosphorescence spectra of all four
phthalimide derivatives appear to possess CT character because of
their broad and structureless profiles and are at lower energies than
the phosphorescence spectra of the individual D (PhCz and TPA) and
A (Pth-Hex) units (*LEp,4). This result indicates that the lowest energy
triplet state of these phthalimide derivatives is CT (CT) in nature,
which is vibronically coupled with the LEp,, state. We also envisage
that due to the large energy difference between the 'CT and the *LEp,
A the latter do not participate in the rISC; instead, the lowest energy
triplets of the molecule participate in the rISC process. Thus, we
propose that in TPA-based systems, the molecules undergo rISC
mediated from a 3CT state (Fig. 8). On the contrary, although many
triplets (°CT) are generated in PhCz-based systems, due to increased
long-range molecular ordering, TTA surpasses rISC and generates
delayed fluorescence (Fig. 8).

In summary, we have designed four phthalimide-based D-A
chromophores using two structurally different donors to convert
dark triplet states into emissive states. TPA-based phthalimide
emitters dispersed in PMMA films display a predominant ther-
mally activated DF process owing to small AEsy. PhCz-based
emitters, on the contrary, provide a signature of TTA-induced DF
in PMMA-doped thin films, which is enhanced significantly in the
neat film. This observation can further be correlated to the effi-
cient triplet migration due to long-range molecular ordering,
facilitating the efficient annihilation of triplets. Thus, triplet har-
vesting through TADF and TTA was observed in these donor-
substituted phthalimide derivatives. The results presented here,
therefore, is proof of concept for exploiting two potentially dif-
ferent mechanisms from a simple phthalimide core by judicious
donor substitution. We envisage that our present architecture can
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Fig. 8 | Schematic illustration of different delayed fluorescence processes. Proposed TTA-DF and TADF mechanisms in the donor-substituted phthalimide derivatives.

further be extended to the myriad of delayed fluorescence emit-
ters by suitable molecular engineering.

Methods

General methods

All reagents were obtained from commercial sources and used without
further purification, and solvents were used as received except speci-
fically mentioned. 'H and *C NMR spectra were recorded on a BRUKER
AVANCE-400 Fourier transformation spectrometer with 400 and
100 MHz, respectively. CDCl; and TMS were used as the solvent and

internal standard, respectively. Matrix-Assisted Laser Desorption
lonization (MALDI) was performed on a Bruker Daltonics Autoflex
Speed MALDI TOF System (GT0263G201) spectrometer using trans-2-
[3-(4-tert-Butylphenyl)-2-methyl-2 propenylidene]malononitrile
(DCTB) as the matrix.

Theoretical methods

The structures of all four phthalimide derivatives were optimized
without symmetry constraints using density functional theory (DFT).
Absorption spectra were calculated on the ground state geometries,
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followed by structure optimization of the first excited states. All cal-
culations were done with Alrich’s polarized triple zeta basis sets,
excluding f-functions (TVP-f)*°. Predictions of absorption spectra with
the range-separated CAM-B3LYP and B3P86-30% global hybrid func-
tional were compared with experimental absorption spectra in
CHCI5*, Solvent effects in the calculations were considered via the
polarized continuum model. As usual, CAM-B3LYP predicts absorp-
tions at shorter wavelengths than B3P86-30%"*. The values for the first
absorption peak of Pth-1PCz experimentally at 356 nm, are 313 nm with
CAM-B3LYP and 378 nm with B3P86-30%. Similarly, for Pth-ITPA, the
experimental value of 405nm is underestimated as 349 nm with
CAMB3LYP and overestimated as 425 nm with B3P86-30%. Because the
B3P86-30% values are closer to the experiment, all further calculations
are done with the B3P86-30% functional. Triplet states were calculated
at the B3P86-30%/TVP-f level of theory explicitly as triplet ground
states to avoid the well-known underestimation of DFT triplet excita-
tion energies. Vertical (vert) triplet energies were obtained as differ-
ences between the first excited state (S;) energy and the ground state
triplet (T;) energy at the ground state (So) geometry. Adiabatic (ad)
triplet energies were obtained as differences between energies of
structure-optimized T; and S; states. To assess the quality of the triplet
energies, CASSCF/NEVPT?2 calculations with the same TVP-f basis were
done>™’. After many attempts and severe convergence problems, the
state-averaged calculations, including 3 singlets and 3 triplets with
active spaces of 6 electrons and 6 orbitals, were successful for all four
molecules in tetrahydrofuran and in cyclohexane (apart from Pth-
2PCz). Therefore, these excited state and triplet energies are done on
the S structure and are vertical. The DFT and CASSCF/NEVPT2 values
are very similar in cyclohexane, which shows the DFT triplet energies
are sound. In THF, CASSCF/NEVPT2 predicts much lower singlet-triplet
splitting than DFT. Since state-averaged CASSCF/NEVPT2 calculations
do not include state-specific solvation effects, we decided to continue
with the ground state triplet energies of the DFT calculations. All cal-
culations are done with the ORCA program version 5.0.3%,

Details of photophysical experiments

The UV-visible absorption spectra of the molecules were recorded
using a Perkin-Elmer (Lambda 35) spectrometer at room temperature.
Steady-state emission spectra were monitored in a Horiba Jobin Yvon
Fluorolog-3 fluorometer, and absolute quantum yields were deter-
mined in the same instrument using an integrating sphere. Time-
resolved fluorescence decay measurements were carried out with the
time-correlated single photon counting (TCSPC) method in a Horiba
Jobin Yvon- Flurocube instrument with a pulse repetition rate of
10 MHz. Phosphorescence spectra were measured using the phos-
phorescence mode on a fluorescence spectrometer (Cary Eclipse,
Agilent) and the same instrument was used to record some of the time-
resolved luminescence measurements using the in-built gated detec-
tion mode. Time-gated emission on long timescales was monitored
using a nanosecond optical parametric amplifier (EKSPLA, 10 Hz) as
the excitation source and a spectrograph (Acton SpectraPro 300i)
coupled with a gated intensified CCD camera (Princeton Instruments).
Gate and delay times were increased logarithmically to achieve rea-
sonable delayed emission intensity relative to the prompt intensity.
The development of this data acquisition method, and hence more
details, can be found in the paper by Rothe and Monkman*. Low
temperature measurements were conducted using a cryostat (Oxford
Instruments OptistatDN).

Details of PLDMR measurements

Photoluminescence detected magnetic resonance (PLDMR) was per-
formed using a lab-built optical resonator (based on a dielectric ring
resonator), which allows for excitation of the sample and collection of
photoluminescence in transmission mode). A 365nm LED (M365L3
Thorlabs) was used for continuous excitation of the sample, with a

power of ~20 mW. The 365 nm excitation residual was removed via a
400 nm long pass filter. The integrated photoluminescence from
>400 nm, 400-550 nm (using a 550 nm short pass filter) or 400-
450 nm (using a 450 nm short pass filter) was collected by a silicon
detector (Hamamatsu S2281) and the response amplified by a tran-
simpedance amplifier (Femto, DLPCA-200). The PLDMR was carried
out at X-band (-9.7GHz) and the microwaves were square-wave
modulated at a frequency of 967Hz. The change in photo-
luminescence due to microwave absorption was monitored at the
microwave modulation frequency using lock-in detection (Stanford
Research Systems SR830) as the static magnetic field was swept
through resonance. The temperature was controlled using a Lakeshore
332 temperature controller and a laboratory-built helium flow cryostat.
The PLDMR was measured at a temperature of 80 K. Simulations were
performed using the toolbox EasySpin version 6.0.0-dev.54%,

Data availability

The authors declare that the data supporting the findings of this study
are available within the article and its Supplementary Information files.
Additional information is available from the authors on request. The
X-ray crystallographic coordinates for structure reported in this study
(Pth-1PCz and Pth-2PCz) have been deposited at the Cambridge Crys-
tallographic Data Center (CCDC), under deposition numbers 2293745
and 1538231, respectively. These data can be obtained free of charge
from the Cambridge Crystallographic Data Center via https://www.
ccdc.cam.ac.uk/structures/. Source data are provided with this paper.
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