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Intramolecular charge transfer (ICT) occurs when photoexcitation causes
electron transfer from an electron donor to an electron acceptor within the
same molecule and is usually stabilized by decoupling of the donor and
acceptor through an orthogonal twist between them. Thermally activated
delayed fluorescence (TADF) exploits such twisted ICT states to harvest triplet
excitons in OLEDs. However, the highly twisted conformation of TADF mole-
cules results in limited device lifetimes. Rigid molecules offer increased sta-
bility, yet their typical planarity and m-conjugated structures impedes ICT.
Herein, we achieve dispersion-free triplet harvesting using fused
indolocarbazole-phthalimide molecules that have remarkably stable co-planar
ICT states, yielding blue/green-TADF with good photoluminescence quantum
yield and small singlet-triplet energy gap <50 meV. ICT formation is dictated
by the bonding connectivity and excited-state conjugation breaking between
the donor and acceptor fragments, that stabilises the planar ICT excited state,
revealing a new criterion for designing efficient TADF materials.

Significant progress has been made in the field of luminescent materials
having efficient ambient triplet harvesting for applications in organic
light-emitting diodes (OLEDs), bio-imaging and photo-catalysis'™>. In
this regard, triplet harvesting via thermally activated delayed fluores-
cence (TADF) has emerged as a challenger technology to the incumbent
room-temperature phosphorescence in OLEDs"*®. The efficiency of
TADF relies in part on minimizing the energy gap between the lowest
excited singlet and triplet states. This is usually achieved using donor-
acceptor charge-transfer chromophores, where orthogonally oriented
D and A units, i.e. twisted D-A molecules**°, minimises the electron
exchange energy and therefore the splitting between the lowest excited
singlet and triplet states, provided they exhibit the same spatial

symmetry’°. Different strategies have also been used to realize this
objective, including spiro-linked D and A™", arranging D and A in spatial
proximity to achieve through-space charge transfer", or forming
molecular exciplexes™. One of the primary concerns with twisted D-A
molecules is stability during device operation, as TADF OLED lifetimes
are as yet very limited”. To achieve high stability in an OLED, it is
believed that all rotationally flexible tertiary N-C bonds must be
removed from all molecules including TADF molecules as these are the
weakest chemical bonds present in their structure and therefore prone
to degradation'". It is hoped that spiro-type TADF emitters®, espe-
cially used in hyperfluorescence schemes” >, could overcome this, as
recently demonstrated by Stavrou et al.”, but as yet they also have not
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demonstrated great lifetime improvement. Fully rigid structures should
result in photochemically stable molecules, offering short CT lifetimes
with fast fluorescence decay rates, high PLQY, and fast delayed fluor-
escence with negligible energy dispersion* . The latter is very large in
the flexible, twisted D-A molecules, because of distributions of the
(dihedral) twist angles between D and A sub units, which result in very
broad emission bands and long-lived TADF components, detrimental to
OLED operational lifetime because of enhanced exciton-charge
quenching possibilities”. However, the main obstacle to exploiting a
fully rigid D-A molecular structure is the inherent planarity and con-
jugation which is believed to make small exchange energy intramole-
cular charge transfer (ICT) improbable’. There has been a significant
amount of work developing the multi-resonance (MR-TADF) approach
where short-range charge transfer®? between two adjacent atoms
plays a dominant role over long-range charge-transfer’>* within the
molecules in their excited states. However, while this has achieved
exciting results, it represents an entirely new framework® with a limited
chemical space due to molecular design restrictions required to achieve
MR-TADF. MR-TADF materials with small AEst and fast rISC rates are
emerging® ™, but the majority of these emitters are still central in
hyperfluorescence OLEDs as the end-acceptors, i.e., terminal emitter,
owing to their exceptional colour-purity, and typically twisted D-A TADF
emitters act as FRET (Forster Resonance Energy Transfer)
sensitizers”*>*.Figure panels ‘¢’ and ‘f are mentioned in Figure 2 legend
but are not present in the figure. Please indicate its position in the figure.
With the objective of achieving desirable rigidity for low CT dis-
persion energies and high fluorescence rates, our research explored an
unconventional pathway of utilising rigidly planar D-A molecules that
give unexpected ambient triplet harvesting based on a long-range
intramolecular charge-transfer state, distinctly different from the MR-
TADF and twisted D-A ICT molecules. Previously, a few rigidified ami-
nobenzonitriles have shown ICT states without the need of a large-
amplitude rotational motion required to form a twisted conformation’®,
However, the stability of these co-planar ICT states depend on the
energy gap and coupling between the low-lying singlet states, and ICT
emission is observed only in highly polar solvents, albeit no triplet
contribution has ever been reported®*. To the best of our knowledge,
a fully-conjugated, co-planar and rigidified donor-acceptor chromo-
phore giving strong ICT emission involving both singlet (prompt
fluorescence) and triplet excited state (TADF) in non-polar environ-
ments has not been observed. Rajamalli et al. proposed a D-A-D system
showing TADF which they claimed was planarized through hydrogen
bonding between D and A*%. Subsequently, Chen et al.”* and He et al.**
invoked similar D-A hydrogen bonding schemes in HMAT-TRZ and ICZ-
TRZ, respectively for potential TADF design strategy. However, both
these derivatives show large AEst (>0.43eV) and do not show any
TADF in dilute films, hinting towards triplet-triplet annihilation
(TTA)** or weak exciplex derived** TADF when doped in appropriate
hosts at high doping concentrations. Notably, detailed potential energy
surface analysis combined with experimental time-resolved spectro-
scopy studies on several model intramolecular H-bond containing D-A
molecules by Hempe et al.*® and Bergmann et al."’ suggested that such
D-A hydrogen bonds are unlikely to form and drive the rISC process.
To approach this seemingly intractable problem, we have devel-
oped a new molecular design utilizing a fused carbazole (indolo-
carbazole, ICz)*® in combination with a phthalimide*® (PI) acceptor
unit, in fully planar rigid molecular structures (ICz-Pl; Fig. 1) giving
efficient TADF. In the context of triplet harvesting, phthalimides are
particularly useful as they give efficient T-t * and n-mt* intersystem
crossing®. In addition, they are relatively weak donors and acceptors
with significantly high triplet energies, ideal for blue-emitting charge-
transfer systems***’, Furthermore, two isomers of ICz-Pl which differ in
the position of N-C and C-C bonds connecting the donor-acceptor
fragments, exhibit very different excited state behaviour and photo-
physics. Most importantly, these emitters show stable ICT states and

triplet harvesting properties both in solution and doped solid films
with good photoluminescence quantum yields. We propose a
mechanism that explains how conjugation is broken in the excited
state of these ICz-PI molecules, such that the planar ICT states are
stabilised to give long CT prompt lifetimes of >30 ns and persistent
TADF. Our observations break new ground in showing that it is pos-
sible; (i) to stabilise ICT states in a fully-planar conjugated rigidified
molecules and (ii) to achieve TADF without orthogonal D-A or highly
spatially separated D and A units.

Results and Discussion

Molecular design and synthesis

0-ICz-PI and p-ICz-PI (Fig. 1a) were synthesized in one-pot via a syn-
chronous palladium-catalyzed Buchwald-Hartwig and Heck-coupling
reaction pathway from previously reported bromine substituted di-
tert-butylcarbazole and phthalimide precursors. Cz-PI (Fig. 1a) was
synthesized following similar conditions using unsubstituted di-tert-
butylcarbazole via Buchwald-Hartwig coupling. 2-Ethylhexyl chains
were attached to ensure good solubility of the molecules. Detailed
synthetic procedures are given in the Supporting Information. All the
molecules synthesized in this work were characterized by 'H, *C NMR
spectroscopy and high-resolution mass spectrometry (HRMS).

Optical properties
The optical properties of both isomers, p-ICz-PI and 0-ICz-PI were
measured in three solvents of varying polarity: methylcyclohexane
(MCH), toluene, and dichloromethane (DCM), (Fig. 1). p-ICz-PI has a
distinct vibronically structured absorption band between 360-420 nm
in all solvents and a molar extinction coefficient of 37925 Lmol™*cm™ in
DCM at 400 nm (Fig. 1 and Supplementary Fig. 1). In contrast, the
absorption of 0-ICz-PI in this region is significantly weaker
(7320 Lmol'cm™) and the first peak in the absorption band is shifted to
~330 nm (Fig. 1b and Supplementary Fig. 1). This signifies a funda-
mentally different ground state electronic character between the two
isomers, a trend observed in different solvents (Fig. 1b and Supple-
mentary Fig. 1a). The p-ICz-Pl absorption band redshifts by only 20 nm
in DCM, indicating a weak charge-transfer contribution to this other-
wise strongly local transition. The reduced intensity of these transi-
tions in 0-ICz-PI implies stronger CT character, confirmed by the
electronic density difference plots for each molecule shown in the
Supplementary Information (Section 5) and the trend in oscillator
strength (f) related to ground state absorption (Supplementary
Tables 4-13) which also decreases consistent with a decreased overlap
between the initial and final states. For comparison, Cz-PI, (Fig. 1), the
twisted D-A analogue of ICz-PI*° has a strong absorption at 320 and
340 nm as seen in 0-1Cz-PI, which is attributed to the carbazole/indo-
locarbazole unit, and a second band at 400 nm with a longer red
absorption tail (>425nm) than p-ICz-Pl, characteristic of a typical
twisted D-A direct charge-transfer absorption (Fig. 1b and Supple-
mentary Fig. 1a). This confirms that in p-ICz-PI, the 360-420 nm band
is predominantly a local m-it* transition with a weak CT character,
whereas in 0-ICz-PI the CT character is far stronger®’. The absorption of
unsubstituted PI occurs at much higher energy, 3.81eV (325 nm)*™.

Upon excitation at 355nm in MCH, p-ICz-PI exhibits a mirror-
image emission band with small Stokes shift (11 nm), characteristic of a
strongly local T-Tt* transition. Increasing the solvent polarity induces
spectral broadening, larger Stokes shifts (28 nm in toluene and 56 nm
in dichloromethane) and loss of vibronic structure, indicating
increasing charge-transfer character. However, the excited state life-
time of p-ICz-PI does not change substantially, suggesting mixed LE/
CT excited state character is retained even in DCM (T,,g, = 5.6 ns) and
acetonitrile (T,vg =8.9ns) as compared to MCH (T, =6.1ns), see
Supplementary Fig. 2a, Supplementary Table 1.

In comparison, 0-ICz-PI has a broader featureless emission spec-
trum in polar solvents and large solvatochromic shifts (Fig. 1b). The
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Fig. 1| Absorption, fluorescence, delayed fluorescence, and phosphorescence
of the investigated molecules. a Molecular structures of the three charge-transfer
emitters (p-1Cz-Pl, 0-1Cz-Pl, and Cz-PI) studied in this work. The donor and
acceptor units are shown in red and green colors, respectively. b Normalized
absorption and steady-state emission spectra of dilute p-ICz-PI (top panel), o-ICz-
PI (middle panel) and Cz-PI (bottom panel) solutions in methylcyclohexane,
toluene and dichloromethane ([c] = 2 x 1075 M). Inset shows the change in emission
color upon changing the solvent polarity when excited at 365 nm by a UV-lamp.
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Phosphorescence (measured using time-gated emission at 80 K with a high time-
delay of 80 ms) in 1wt.% zeonex shown here to highlight the locally-excited nature
of the T; state in all three molecules. ¢ Time-resolved emission spectra and (d) time-
resolved decay of p-ICz-PI (room temperature) and 0-1Cz-PI (room temperature
and 80K) in degassed dichloromethane. Ay, =355 nm, [c] = 2 x 107 M. Three dif-
ferent regions of prompt fluorescence (PF), delayed fluorescence (DF) and phos-
phorescence (Phos.) are shown in Fig. 1d, with the DF completely quenched at 80 K.

Stokes shift in MCH (49 nm), toluene (81nm) and DCM (123 nm) is
substantially larger than p-ICz-Pl, consistent with strong charge-
transfer character. Fluorescence lifetimes confirm this with average
lifetimes for 0-ICz-PI increasing substantially from MCH
(Tavg. =19.04 ns) to DCM (v, =35.7 ns) (Supplementary Fig. 2b, Sup-
plementary Table 1). Excitation of Cz-PI at 355 nm gives similar spectra
to 0-ICz-PI but with significantly larger Stokes shifts (25 nm, 95 nm and
190 nm in MCH, toluene and DCM, respectively) indicative of pure CT
character of a twisted DA-TADF molecule. The longer emission wave-
length observed for more polar solvents also significantly increases
non-radiative decay, as expected from the energy-gap law, indicated
by the marked decrease in the excited state lifetime in high polarity
solvents (Supplementary Fig. 2¢, Supplementary Table 1).

The respective CT and LE character of the emitting states is fur-
ther highlighted by the photoluminescence quantum yields (PLQY),
which are substantially lower in DCM, for o-1Cz-PI, ® = 0.24
(0.37) £ 0.05, compared to p-ICz-PI, ® = 0.41 (0.47) + 0.05 (figures in
brackets are degassed PLQY values, Supplementary Table 2) but show
a marked oxygen dependence. The greater charge-transfer character
in 0-1Cz-PI as compared to p-ICz-PI gives rise to a relatively slow rate of
fluorescence (k;=2.8x10’s™) as compared to p-ICz-Pl1 (k¢
=17.9 x107 s™) (Supplementary Table 2). In addition, both the emitters
show similar ksc (3.05 x 10* s in 0-ICz-P1 and 3.21 x 10* s in p-ICz-PI)
while p-ICz-Pl1 has substantially faster intersystem crossing rate,

9.5x107 vs 1.7 x 107 s for 0-ICz-Pl, i.e. one order of magnitude faster in
rate. This explains a better triplet harvesting for o-ICz-PI with larger
DF:PF ratio (1.52 for 0-ICz-PI vs. 1.14 in p-1Cz-PI). In DCM, Cz-PI, has a
poor PLQY in air, ® ~0.04; however, it increases substantially to ® =
0.39 (0.61) + 0.05, when measured in toluene. While the increase upon
degassing is often attributed to the prevention of triplet state
quenching, we note that singlet state quenching by oxygen also occurs
when lifetimes are long™.

Finally, the two ICz-PI isomers also have different phosphores-
cence spectra, Fig. 1b (green trace). p-ICz-Pl is rather structureless with
onset at 2.64 eV (469 nm) whereas 0-ICz-PI and Cz-PI are similar,
having vibronically structured phosphorescence, onset at 2.70 eV
(461 nm). The vibronic structure indicates that the lowest triplet state
has LE character, effectively residing on the carbazole moiety*. For p-
ICz-Pl the lowest excited triplet state appears to be more delocalised in
character.

Triplet harvesting in degassed solution state

Time-resolved emission measurements of the two ICz-Pl isomers were
recorded in degassed DCM. p-ICz-PI emits the same prompt (I1ns —
40ns) and a weak delayed fluorescence (2 ps — 1 ms) (Fig. 1c-d and
Supplementary Fig. 3a). In contrast, 0-ICz-PI showed a more pro-
nounced enhancement in emission intensity upon degassing (Sup-
plementary Fig. 3b, Supplementary Table 2), indicating a larger
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Fig. 2 | Triplet harvesting in solid state. (a) Time-resolved emission spectra, (b)
steady-state photoluminescence (room temperature) and phosphorescence (80 K,
80 ms delay) of p-ICz-PI doped in 1wt.% zeonex films. (c) Time-resolved emission
spectra, (d) steady-state photoluminescence (room temperature), and

Wavelength (nm)

phosphorescence (80 K, 80 ms delay) of 0-ICz-PI doped in 1 wt.% zeonex films
(Aexc =355 nm). Photographs of p-ICz-Pl upper right panel and o-ICz-PI lower right
panel doped in zeonex (1wt.%), indicating a clear persistent emission behavior both
at RT and 80 K upon excitation with a 355 nm UV source.

contribution from up-conversion of triplet states in line with a smaller
AEst of 47 meV than p-ICz-PI, 290 meV (Fig. 1b). The 0-1Cz-PI emission
has a long-lived prompt contribution (Ins - 250 ns) and delayed
emission (1 us —1 ms) component (Fig. 1c, d) similar to Cz-PI (Supple-
mentary Fig. 4). Notably, the delayed fluorescence of o-1Cz-PI is
completely quenched, and only strong very long lived phosphores-
cence is observed at long time-delays (>5ms), when time-resolved
spectrais measured at 80 K, in frozen DCM (Fig. 1d and Supplementary
Fig. 3c). This observation confirms the thermally activated nature of
the delayed fluorescence at room temperature and very low vibronic
mediated internal conversion at 80 K. Furthermore, time-resolved
emission in MCH shows clear vibronic features for p-ICz-Pl, and a
shorter lifetime compared to both 0-1Cz-PI and Cz-PI (Supplementary
Fig. 5). We did not observe any delayed fluorescence in MCH, pre-
sumably due to a larger AEgy in all cases.

Ambient triplet harvesting in solid doped films

Figure 2a shows the time-resolved emission of 1wt.% p-ICz-PI in zeo-
nex films. p-ICz-PI exhibit a clear prompt emission with an onset at
401nm (Amax =434 nm). This band red-shifts with time, which is
attributed to the presence of aggregates at 1wt.% doping, confirmed
by their absence in 0.1 wt.% films (Supplementary Fig. 6). At long time-
delays, > 800 ps, strong blue long-persistent emission, distinct from
the phosphorescence (Fig. 2b, ¢), is observed when the laser is turned-
off. This slow DF is consistent with the relatively high AEst=0.37 eV in
zeonex (Fig. 2b and Supplementary Fig. 7). 0.1wt.% doped films
(Supplementary Figs. 6a, b), also show this delayed fluorescence con-
firming its monomolecular origin.

In contrast, 1 wt.% 0-1Cz-PI in zeonex film shows distinctively dif-
ferent emission features (Fig. 2d). Prompt fluorescence (Aonser = 411 nm
and A =451nm) lasts until 150 ns with no aggregate contribution.
Delayed emission is seen at the same wavelengths as prompt fluores-
cence at time-delays > 630 ps. In addition, a new red-shifted band
appears at around 516 nm. Similar emission features are also observed

in 0.1wt.% and 0.02wt.% in zeonex and neat films (Supplementary
Fig. 8). Steady-state fluorescence onset in these films is independent of
doping ratio, unlike the p-ICz-PI isomer (Supplementary Fig. 8a). At
80K, and long time-delays we observe only well-structured phos-
phorescence onset at 461nm, (Fig. 2e and Supplementary Fig. 9).
These observations suggest there is additional low levels of charge-
transfer excimer (CT-excimer) formation, e.g. the D unit of one
molecule interacting with the A unit of another, in o0-ICz-PI doped
zeonex films. We believe this propensity to form the CT-excimer state
is because 0-1Cz-PI may well phase segregate as the zeonex films dry.

The aggregation effects on luminescence efficiency in 1wt.% zeo-
nex films are apparent compared to DCM solutions; p-ICz-PI which
shows the largest aggregation, has a significant drop in PLQY to
0.23+0.05, o-ICz-PI showing CT-excimer states suffers less PLQY
quenching, ® = 0.17£0.05, whereas Cz-PI shows a near 100-fold
increase in PLQY to ® = 0.43+0.05 in zeonex film (Supplementary
Table 2). This suggests that the aggregate states of the 1Cz-Pl isomers
are different species. In p-ICz-Pl, the aggregate not only red shifts the
entire emission band but quenches PLQY by nearly a half, whereas in o-
ICz-PI, the aggregate is much less pronounced and appears as a sepa-
rate red emission band, i.e., a small additional CT-excimer contribution,
that only moderately reduces PLQY. The o0-1Cz-PI CT-excimer state must
be emissive, indicative of stronger donor and acceptor fragments in o-
ICz-PI which can form CT-excimers, whereas in p-ICz-PI they are much
weaker, precluding CT-excimer formation. This gives key insight into
the differences in electronic structure between the two isomers. Cz-Pl
clearly behaves like a typical twisted D-A TADF molecule showing much
higher PLQY in non-polar zeonex films, than in highly polar solvent
(Supplementary Fig. 10 and Supplementary Table 2). No CT-excimer
emission is observed for 0-ICz-PI at 80K in the 1wt. % zeonex films
which is fully in line with the thermally activated nature of CT-excimer
formation (Supplementary Fig. 9). Notably, a clear dispersion in the CT
emission maxima is observed in Cz-Pl, whereas, the ICz-PI isomers are
completely dispersion-free as evident from their time-resolved
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Fig. 3 | Early time evolution of excited state absorption spectra of p p-1Cz-Pl, o-
ICz-Pl and Cz-PI measured in DCM. Excited state absorption measurements in the
0-80 ps and 0-6 ns time windows for (a, d), p-ICz-PI (b, e) Cz-P1 and (c, f) 0-ICz-
Plin polar DCM solutions showing the evolution of a stable CT state in o-1Cz-Pland
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Cz-Pl including relaxation of the CT state through solvent shell reorganisation.
However, in p-ICz-PI very different spectral evolution shows much more locally-
excited state characteristics from a large, conjugated fragment of the molecule.
Aexc=343nm, [c] =1x107* M.

emission characteristics, owing to their rigidified co-planar structures
(Supplementary Fig. 11).

The photophysics of the ICz-PI isomers (p-ICz-PI and o-1Cz-PI),
and Cz-Pl were further studied in a small-molecule rigid host, mCP [1,3-
bis(N-carbazolyl)benzene], having high triplet energy (T;=2.91eV)”.
Supplementary Fig. 12a shows the time-resolved emission profile of
10 wt.% doped films of p-ICz-PI in mCP at room temperature. A gradual
red-shift is observed upon increasing time-delay (Aonser=421nm,
Amax =456 nm and Agpsec =430 nm, Ao = 475 nm, at the time-delay of
0.8 ns vs 67.6 ns, respectively). Interestingly, the delayed fluorescence
onset (at time-delay over 300 ps) matches with the prompt emission at
late-time delays (>60ns) and the steady-state emission spectrum
(Supplementary Fig. 12b). The delayed fluorescence nature of this late-
time emission is further confirmed by low-temperature time-resolved
emission measurements where a highly red-shifted emission appears
at an onset of 474 nm and this is assigned to be the phosphorescence
band (Figure S12b). It is to be noted that even at a very low doping
concentration (0.1 wt.%), a very similar spectral-shift was observed and
hence, host-guest (exciplex) interactions (via the host Cz unit) can be
envisaged that control the delayed fluorescence characteristics in
these films (Supplementary Figs. 12c and 13b)**. Furthermore, 0-1Cz-PI
behaves in a very similar manner to the p-ICz-PI in terms of delayed
fluorescence characteristics (with AEst =0.24 eV vs AEst=0.27 eV, for
p-ICz-PI) and a plausible host-induced exciplex formation in mCP,
evident from their time-resolved emission profile (Supplementary
Figs. 12d-f, 13a, c). These observations clearly show promising triplet
harvesting properties with moderate photoluminescence quantum
yields for o-1Cz-PI (Supplementary Table 2), even in a small molecule
semiconducting host. Lastly, to compare the triplet harvesting prop-
erties with a typical twisted donor-acceptor TADF design time-
resolved emission measurements were performed with the control
molecule, Cz-PI in 10 wt.% mCP host matrices. Cz-PI showed sig-
nificantly smaller singlet-triplet gap in mCP (AEst=0.33 eV for 1wt.%

zeonex vs 0.18 eV for 10 wt.% mCP), resulting in relatively stronger
delayed fluorescence (Supplementary Figs. 10b, d, 12g-i, 13a). It is
worth mentioning that Cz-PI also showed strongly red-shifted emis-
sion in 10 wt.% mCP as compared to 0.1 wt.% doped films, suggesting
that aggregation and intermolecular host-guest interactions effect the
emission characteristics significantly (Supplementary Fig. 12i). PLQY in
10 wt.% mCP doped films range from low (® = 0.07 + 0.05 for p-ICz-PI)
to moderate (® = 0.23+0.05 and ® = 0.22 + 0.05 for o0-ICz-PI and Cz-
PI) respectively, (Supplementary Table 2).

Transient photoinduced absorption measurements

Transient absorption measurements were performed to study the
initial excited state formation dynamics for all three derivatives in
degassed solution state (DCM and MCH) (Fig. 3 and Supplementary
Fig. 14). In MCH, p-ICz-PI gives an instantaneous excited state
absorption (ESA) at 570 nm, followed by the emergence of an 870 nm
band within 5 ps (Supplementary Fig. 15). The 870 nm ESA decays in
6.3 ns which correlates well with the fluorescence decay time of 6 ns
(Supplementary Table 1), identifying this as the ESA from the emissive,
highly delocalised and conjugated mixed LE/CT species. A residual ESA
observed at 520-650 nm with a lifetime of 3.9 ns could potentially
arise from the LE state as it is not observed in DCM. In DCM, the
instantaneous 570 nm ESA band is again observed with a grow-in of
ESA at 860 nm within 30 ps which decays with a lifetime of 6.7 ns
(Supplementary Fig. 16), consistent with the fluorescence lifetime of
5.6 ns (Supplementary Table 1). The longer formation time could be
due to the higher viscous drag of the DCM solvent shell reorganisation
compared with MCH, and increased CT nature of the large delocalised
mixed LE/CT excited state in DCM*. At the other extreme, Cz-PI in
MCH (Supplementary Figs. 14 and 17) also has an instantaneous ESA at
560 nm followed by the emergence of a sharp ESA band at 750 nm
within approximately 400 fs. This red ESA feature has a lifetime of
12.2ns, matching closely to the fluorescence lifetime of 15.5ns,
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indicating this band originates from the ICT species (Supplementary
Table 1 and 3). We also observe a 10-15 nm relaxation of this state
within its lifetime. This dispersion arises from dihedral angle inho-
mogeneity in a twisted D-A molecule, giving a broad-range of excited
state lifetimes®”. In DCM, the instantaneous 560 nm band was
observed to decay very rapidly within 1ps, with the formation of an
initial ICT ESA at 730 nm, that rapidly relaxes to 820 nm within
approximately 1.7 ps (Fig. 3 and Supplementary Fig. 18). This is con-
sistent with the higher polarity and reorganisation of the DCM solva-
tion shell (vide infra). The 820 nm ESA has a lifetime of 1.5ns that
matches the 1.5 ns fluorescence lifetime. Notably, from MCH to DCM a
solvent shift of 60 nm is observed in the ICT ESA, which is less than
~100 nm solvatochromic shift observed in fluorescence. The band
shape and position of this red ESA is very similar to previous obser-
vations of ESA from the '(Cz)* species®™* which correlates with the
expected Cz donor fragment in Cz-PI and is indicative of a full charge
transfer state. This species is not observed in p-ICz-Pl, indicating a
different (very weak) donor structure.

Finally, the fast photo-dynamics of 0-ICz-PI has signatures con-
sistent with both the other molecules. In MCH, instantaneous ESA at
570 nm (which we correlate with the 410 nm shoulder observed in the
o-ICz-PI fluorescence) proceeds to rapid formation of ESA at 650 nmin
1.7 ps that slowly relaxes to 660 nm within 10 ps (Supplementary
Figs. 14 and 19). This state decays with a lifetime of 14 ns, in line with the
fluorescence lifetime (Supplementary Table 1). Again, we associate this
ESA feature with a localised Y(Cz)* donor species®®**. Within approxi-
mately 1ps, a long wavelength ESA emerges extending beyond
830 nm. This band decays in approximately 3.4 ns, indicating a dif-
ferent species as compared to the 660 nm ESA. In DCM (Fig. 3, Sup-
plementary Fig. 20), ESA at 670 nm emerges within 700 fs, followed by
ESA at 870 nm over approximately 20 ps. This mirrors to some degree
the behaviour of p-ICz-Pl. The slow decay of both the 670 nm (Sup-
plementary Fig. 20b) band and the apparent lifetime of 32 ns for the
870 nm band matches the measured 35 ns fluorescence lifetime, indi-
cating the presence of a long-lived ICT state. All lifetimes are collated in
Supplementary Table 3. We thus ascribe the 870 nm ESA band to be
from the delocalised cation species of the 0-ICz-PI CT state, different
to that in Cz-PL

All three molecules have instantaneous ESA at 560-570 nm,
ascribed to the LE state of the initially photoexcited fragment. This is
seen to decay faster in more polar solution. The observed long-lived
ESA of the (Cz)* species in 0-ICz-PI validates the description of 0-1Cz-
PI as a planar rigidified molecule having an ICT excited state. As the
dynamics and ESA spectrum of 0-ICz-PI show part similarities to both
p-ICz-PI and Cz-PI we believe this fully confirms our idea that breaking
of conjugation forms spatially separated D and A intramolecular
fragments on 0-1Cz-PI, leading to a stable ICT state. These observations
are also corroborated with a detailed computational study reported in
the next section.

Electronic structure simulations

Figure 4 shows a schematic of the low-lying excited states (red = triplet
and blue = singlet) of Cz-Pl, 0-ICz-PI and p-ICz-PI at the ground (So)
and S; excited state geometries. The electronic density differences
associated with the transition to the lowest excited singlet states are
shown on the right. As expected, the orthogonally connected Cz-PI
shows a strong CT transition from the carbazole donor to phthalimide
acceptor. Importantly, despite their structural similarity o-ICz-PI and
p-ICz-PI show distinct differences in their electronic distribution which
is dependent on the bonding pattern between the donor and acceptor,
consistent with the experimental differences discussed above.

For p-ICz-P], the hole is primarily localized over the single phenyl
ring of the tert-Cz unit, with some contribution existing in the PI unit
(Fig. 4, Supplementary Figs. 21-26 and Supplementary Tables 4 and
6-8). The electron is delocalized over the remaining fragment of the

molecule that consists of both the tert-Cz and PI units. This config-
uration results in a very weak “donor” unit, contributing little CT
character to the excited state, thus the emission is blue and exhibits
predominantly locally-excited (LE) character. In contrast, o-1Cz-Pl
exhibits a hole that is primarily localized over the whole ICz unit, while
the electron is concentrated over the Pl unit. This arrangement
resembles that of Cz-PI, which itself shows even stronger CT character
because of the 90° twist between D and A at the N-C bridging bond.

It is remarkable that with effectively 0° twist i.e. fully planar, the
D-A structure of 0-1Cz-PI exhibits such strong charge separation, which
is consistent with the lower oscillator strength of absorption for 0-ICz-
PI (Fig. 4, Supplementary Figs. 27-32 and Supplementary Table 9 and
Supplementary Figs. 11-13, resulting in a five-fold reduction in molar
absorption coefficient compared to p-ICz-PI (vide infra). The calcu-
lated S; < Sp oscillator strength (OS) completely reflects this, showing
significantly reduced OS for o0-ICz-PI (f = 0.010), compared to p-ICz-PI
(f=0.167). Similarly, the So<S; oscillator strength decreases sub-
stantially in o-ICz-PI (f=0.005) compared to p-ICz-PI (f=0.083),
indicating a stronger charge-transfer contribution in both the ground
and excited states for 0-1Cz-PI. Spin-orbit coupling matrix elements
(SOCMEs) amongst low lying electronic excited states are given in
Supplementary Tables 5, 10 and 15 for p-ICz-Pl, o-ICz-PI and Cz-PI,
respectively. The SOCMEs between the lowest lying singlet and triplet
states are found to be in the range of ~1cm™. We note that vibronic
coupling may increase these couplings and might induce further
enhancement through coupling to the high SOC rates observed
between the T, and Tj states.

To understand the stark difference between 0-1Cz-PI and p-ICz-
PI we used the fragment orbital interaction approach that had pre-
viously characterized the competition between twisted and planar
intramolecular charge transfer states in a range of D-A
chromophores®. Fig. 5 shows the HOMO and LUMO molecular orbi-
tals of 0-1Cz-PI and p-1Cz-PI which are dominant in generating the
low-lying excited states. For both isomers, the HOMO orbitals remain
largely unchanged, while the LUMO orbitals exhibit a difference,
becoming more localised on the acceptor for the 0-1Cz-PI. This can be
explained by investigating how the LUMO is formed from each donor
(Cz) and acceptor (PI) fragment. For p-ICz-Pl, there is a bonding
interaction across both bonding sites leading to a delocalisation of
the LUMO across the whole molecule. In contrast, for 0-ICz-PI there is
an anti-bonding interaction across the N-C bond which enforces
localisation of the LUMO onto the Pl fragment increasing the CT
character of the HOMO-LUMO transition. All the photophysics of the
two ICz-PI isomers result from the different bonding pattern and
separation of D and A fragments in the molecule.

These simulations demonstrate how sensitive the molecular
electronic structure can be to bonding and anti-bonding patterns and
that even in a fully-rigidified, co-planar D-A molecule, the CT state can
be stabilised making it possible to achieve TADF, counter to previous
thinking about these photophysical phenomena. Femtosecond
induced absorption measurements further reveal 0-1Cz-PI to have an
instantaneous induced absorption at 570 nm from an initial excited LE
state; this is a more localised state compared to that seen in p-ICz-PI,
rapid formation within 700 fs of a new state that absorbs at lower
energy (at 660 nm) is observed which we ascribed to the formation of
the CT excited state (Fig. 3 and Supplementary Fig. 14). In DCM, this
state at 670 nm has much stronger intensity than in MCH, but the
formation rate is slower, ascribed to inductively slow charge reorga-
nisation due to the solvent shell inertia (Fig. 3 and Supplementary
Fig. 14)”. The lifetime of the excited state is concomitant with the
fluorescence lifetime measured. The induced absorption at 670 nm (in
DCM) or 660 nm (in MCH) is never lost indicating a high level of
electronic decoupling of the D and A fragments, independent of sol-
vent polarity, indicating that the broken conjugation effect can fully
stabilize the ICT excited state, as predicted by our calculations.
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Fig. 4 | Theoretical energy level diagram with the difference of electronic
density associated to the transition from the ground state to S1. Schematic of
the low-lying excited states (red = triplet and blue = singlet) of p-ICz-PI, 0-1Cz-P1
and Cz-PI at the ground and S, excited state geometries. The electronic density
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differences (red is loss and green is gain in electron density upon excitation)
associated with these transitions are shown on the right. Transition oscillator
strengths are given alongside the calculated transition wavelength. All the energies
are shown in Supplementary Tables 4, 9 and 14.

To conclude, we have successfully developed a novel rigidized
planar charge-transfer design strategy for triplet harvesting in purely
organic molecules. Importantly, these co-planar ICT states are highly
sensitive to subtle differences in the bonding pattern between the
donor and acceptor fragments and therefore through judicious choice
of the connecting bonds, charge-transfer stabilization and access to
the triplet excited state can be achieved without the need of a twisted
excited geometry, previously considered essential for ICT molecules
exhibiting TADF. Notably, these emitters are shown to be free of any
dynamic charge-transfer state relaxation, typically associated with
torsional motion between the donor-acceptor single bond leading to a
dispersion of excited charge-transfer energy states and lifetimes.
Consequently, development of these emitters could lead to materials
with efficient triplet harvesting and highly stable charge transfer states
yielding TADF with no dispersive (long-lifetime components) rISC. As
recently shown, this is also essential for sensitisation in hyper-
fluorescent OLED applications and potential long device lifetime®.

This work opens a new paradigm for triplet harvesters exploiting
rigidly planar charge-transfer design strategies. Developing this con-
cept should focus upon identifying suitable donor-acceptor combi-
nations which achieve smaller singlet-triplet gaps in low polarity
environments and higher mono-dispersed reverse intersystem cross-
ing rates, both of which will improve device performance. The simi-
larity between the behaviour of the twisted D-A TADF emitter, Cz-PI
and its highest performing rigidized planar variant, o-ICz-PI indicates
that a large library of potential candidates based upon planarized

versions of existing twisted D-A TADF emitters could be efficiently
screened to identify high performing candidates. This will enable our
planar rigidized charge-transfer design strategy to become a key focus
for future molecular development for efficient triplet harvesting.

Methods

Synthesis

The detailed synthetic procedures for p-ICz-Pl, o-ICz-PI and Cz-PI,
their chemical structure characterizations including 'H NMR, *C NMR,
and high-resolution mass spectrometry can be found in Supplemen-
tary Information (Section 3) and Supplementary Figs. 39-52.

Spectroscopic methods

Steady state measurements. Absorption, photoluminescence, and
excitation measurements were obtained using drop-cast films on
sapphire substrates at 1% by weight for zeonex (1 wt. %) and 10 wt. % by
weight (10 wt. %) for the other hosts; for the solution measurement,
concentrations of 20 pM were used. A Jobin Yvon Horiba Fluorolog
(double-double) spectrofluorimeter and a Shimadzu UV-vis-NIR 3600
spectrophotometer were used for emission and absorption measure-
ments, respectively. All spectral onset energies were corrected using
the Jacobian conversion of wavelengths to energies.

Time-resolved measurements. The time-resolved measurements
were obtained using a Stanford Computer Optics 4Picos gated iCCD
camera (250-950nm) with sub-nanosecond resolution and
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two isomers, but the delocalisation of the LUMO is controlled by the interaction
between the two fragments. Orbital energies are given in bracket in eV.

spectrograph equipped with 300 lines/mm grating, 500 nm blaze
wavelength system. For the temperature-dependent measurements, a
helium-closed cycle cryopump was used, equipped with optical win-
dows, Si thermodiode, and sample mount, attached directly to the
cold head. Excitation was from the 3rd or 4th harmonic of an EKSPLA
200 ps Nd:YAG 10 Hz repetition rate laser. Time-resolved measure-
ments were made using a variable CCD gate and delay times relative
to the laser trigger, allowing emission decays to be constructed from
the changes in spectrum area (normalised by gate time). TCSPC
measurements were recorded with a Horiba DeltaFlex TCSPC system
using a Horiba NanoLED (357 nm) and SpectralLED (330 nm) as light
sources. PLQY measurements were made using a HORIBA Fluorolog-
QM spectrofluorometer equipped with a high-efficiency “ECO”
friendly continuous 75W Xenon arc lamp and a HORIBA integrating
sphere. The excitation wavelength used was 375nm, and the
monitored emission depended on the molecule. The spectro-
fluorometer specific parameters were the excitation and emission
slits and exits set to 1 nm, the step size for scanning the spectra was
1nm, and integration time was 0.1seconds. The PLQY was then cal-
culated using the built in Quantum Yield Calculator of the
spectrofluorometer.

Transient absorption spectroscopy. The laser used in the transient
absorption setup is PHAROS from Light Conversion (wavelength:
1030 nm, pulse duration: 180 fs, pulse energy: 0.6 mJ, repetition rate:
1KHz). Part of the output is used to do third harmonic generation
(THG), which produces 343 nm output. We use this 343 nm output to
pump our samples and the pulse energy used is about 0.5 pJ. Another
part of the output is used to pump a 2 mm sapphire plate to generate
white light continuum (WLC). We use this WLC to probe the dynamics
of the excited states. The polarization of the pump is vertical to the
optical table, while the polarization of the probe is parallel to the
optical table. The spot sizes (FW @ 1/€) of the pump and probe are
270 um and 200 pm, respectively. The time delay between pump and

probe is controlled by a 1-meter motorized translation stage (Zaber
Technologies Inc. A-LSTIO00AKTO7GO6SU), which can generate
about 6 ns delay range. The pump is modulated by an optical chopper
(Thorlabs Inc. MC2000B-EC) that is locked to the half frequency of the
laser repetition rate to create an iterated pump on / pump off situation.
The WLC goes through a spectrometer and the intensities at different
wavelengths are monitored by a camera (Imaging Solutions Group
LightWise LW-ELIS-1024A-1394). The camera is synchronized with the
laser pulse to ensure it captures the spectrum of WLC pulse by pulse.
The transient absorption spectrum at one fixed time delay is calculated
by ref. 55

AT _ {ZN: Spectrumy,ympon — SPECtI UMy por } N @

T —~ Spectrum,,porf

where N is average number, in our case N =500. By changing the time
delay between pump and probe, we obtain the whole transient
absorption spectra.

Computational methods
All calculations were performed using the ORCA 5 quantum chemistry
package®“%.

Ground state and S; and T; minimum geometries were optimised
using density functional (DFT) and time-dependent DFT (TD-DFT),
respectively. The PBEO functional®® was employed throughout in
conjunction with the def2-TZVP basis set®* within the Tamm-Dancoff
approximation®. All optimised geometries were confirmed to be
minima of the potential energy surfaces by normal mode analysis.
Calculations were performed in gas phase and methylcyclohexane
(MCH), toluene and dichloromethane (DCM) solvent environments
described using the conductor-like polarizable continuum medium
(CPCM)®, XYZ Cartesian coordinates files are available on request.
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Data availability

The data that support the plots and tables and conclusions in this work
are given within the paper and supplementary information. The source
data is available upon request from the corresponding author.

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

Uoyama, H., Goushi, K., Shizu, K., Nomura, H. & Adachi, C. Highly
efficient organic light-emitting diodes from delayed fluorescence.
Nature 492, 234-238 (2012).

Christopherson, C. J., Paisley, N. R., Xiao, Z., Algar, W. R. & Hudson,
Z. M. Thermally activated delayed fluorescence of fluorescein
derivative for time-resolved and confocal fluorescence imaging. J.
Am. Chem. Soc. 143, 13342-13349 (2021).

Bryden, M. A. & Zysman-Colman, E. Organic thermally activated
delayed fluorescence (TADF) compounds used in photocatalysis.
Chem. Soc. Rev. 50, 7587-7680 (2021).

Baldo, M. A., Thompson, M. E. & Forrest, S. R. High-efficiency
fluorescent organic light-emitting devices using a phosphorescent
sensitizer. Nature 403, 750-753 (2000).

Dias, F. B. et al. The role of local triplet excited states and D-A
relative orientation in thermally activated delayed fluorescence:
photophysics and devices. Adv. Sci. 3, 1600080 (2016).

Liu, Y., Li, C., Ren, Z., Yan, S. & Bryce, M. R. All-organic thermally
activated delayed fluorescence materials for organic light-emitting
diodes. Nat. Rev. Mater. 3, 18020 (2018).

Etherington, M. K. et al. Revealing the spin-vibronic coupling
mechanism of thermally activated delayed fluorescence. Nat.
Commun. 7, 13680 (2016).

Noda, H. et al. Critical role of intermediate electronic states for spin-
flip processes in charge-transfer-type organic molecules with
multiple donors and acceptors. Nat. Mater. 18, 1084-1090 (2019).
Kim, H.S., Lee, S. H., Yoo, S. & Adachi, C. Understanding of complex
spin up-conversion processes in charge-transfer-type organic
molecules. Nat. Commun. 15, 2267 (2024).

Penfold, T. J., Dias, F. B. & Monkman, A. P. The theory of thermally
activated delayed fluorescence for organic light emitting diodes.
Chem. Commun. 54, 3926-3935 (2018).

Nakagawa, T., Ku, S. Y., Wong, K. T. & Adachi, C. Electro-
luminescence based on thermally activated delayed fluorescence
generated by a spirobifluorene donor-acceptor structure. Chem.
Commun. 48, 9580-9582 (2012).

Zhang, Y.-P. et al. Chiral Spiro-Axis Induced Blue Thermally Acti-
vated Delayed Fluorescence Material for Efficient Circularly Polar-
ized OLEDs with Low Efficiency Roll-Off. Angew. Chem. Int. Ed. 60,
8435-8440 (2021).

Wada, Y., Nakagawa, H., Matsumoto, S., Wakisaka, Y. & Kaji, H.
Organic light emitters exhibiting very fast reverse intersystem
crossing. Nat. Photonics 14, 643 (2020).

Tang, X. et al. Highly efficient luminescence from space-confined
charge-transfer emitters. Nat. Mater. 19, 1332-1338 (2020).

Sarma, M. & Wong, K. T. Exciplex: an Intermolecular charge-transfer
approach for TADF. ACS Appl. Mater. Interfaces 10, 19279-19304
(2018).

Goushi, K., Yoshida, K., Sato, K. & Adachi, C. Organic light-emitting
diodes employing efficient reverse intersystem crossing for triplet-
to-singlet state conversion. Nat. Photonics 6, 253-258 (2012).
Monkman, A. Why do we still need a stable long lifetime deep blue
OLED emitter? ACS Appl. Mater. Interfaces 14, 20463-20467 (2022).
Wang, R. et al. Effects of ortho-linkages on the molecular stability of
organic light-emitting diode materials. Chem. Mater. 30,
8771-8781 (2018).

Song, W. & Lee, J. Y. Degradation mechanism and lifetime
improvement strategy for blue phosphorescent organic light-
emitting diodes. Adv. Optical Mater. 5, 1600901 (2017).

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Franca, L. G. et al. Spiro donor-acceptor TADF emitters: naked TADF
free from inhomogeneity caused by donor acceptor bridge bond
disorder. Fast rISC and invariant photophysics in solid state hosts. J.
Mater. Chem. C. 10, 1313-1325 (2022).

Jeon, S. O. et al. High-efficiency, long-lifetime deep-blue organic
light-emitting diodes. Nat. Photonics 15, 208-215 (2021).

Cho, H.-H. et al. Suppression of Dexter transfer by covalent
encapsulation for efficient matrix-free narrowband deep blue
hyperfluorescent OLEDs. Nat. Mater. https://doi.org/10.1038/
s41563-024-01812-4 (2024).

Stavrou, K., Franca, L. G., Danos, A. & Monkman, A. P. Key require-
ments for ultraefficient sensitization in hyperfluorescence organic
light-emitting diodes. Nat. Photonics https://doi.org/10.1038/
s41566-024-01395-1 (2024).

Hall, D. et al. Diindolocarbazole-achieving multiresonant thermally
activated delayed fluorescence without the need for acceptor
units. Mater. Horiz. 9, 1068-1080 (2022).

Oner, S. & Bryce, M. R. A review of fused-ring carbazole derivatives
as emitter and/or host materials in organic light emitting diode
(OLED) applications. Mater. Chem. Front. 7, 4304-4338 (2023).
Stavrou, K., Franca, L. G. & Monkman, A. P. Photophysics of TADF
guest-host systems: introducing the idea of hosting potential. ACS
Appl. Electron. Mater. 2, 2868-2881 (2020).

Northey, T., Stacey, J. & Penfold, T. J. The role of solid-state solva-
tion on the charge transfer state of a thermally activated delayed
fluorescence emitter. J. Mater. Chem. C. 5, 11001-11009 (2017).
Hatakeyama, T. et al. Ultrapure blue thermally activated delayed
fluorescence molecules: efficient HOMO-LUMO separation by the
multiple resonance effect. Adv. Mater. 28, 2777-2781 (2016).
Stavrou, K. et al. Hot vibrational states in a high-performance mul-
tiple resonance emitter and the effect of excimer quenching on
organic light-emitting diodes. ACS Appl. Mater. Interfaces 13,
8643-8655 (2021).

Shizu, K. & Kaji, H. Comprehensive understanding of multiple
resonance thermally activated delayed fluorescence through
quantum chemistry calculations. Commun. Chem. 5, 53 (2022).
Suresh, S. M. et al. Multiresonant thermally activated delayed
fluorescence emitters based on heteroatom-doped nano-
graphenes: recent advances and prospects for organic light-
Emitting diodes. Adv. Funct. Mater. 30, 1908677 (2020).

Zender, E. et al. Borylation and rearrangement reactions of azasi-
laanthracenes to afford B,N-doped nanographenes. Dalton Trans.
53, 9294-9300 (2024).

Suresh, S. M. Judicious heteroatom doping produces high-
performance deep-blue/near-UV multiresonant thermally activated
delayed fluorescence OLEDs. Adv. Mater. 35, 2300997 (2023).
Meng, G. et al. Multi-resonant thermally activated delayed fluor-
escence emitters based on tetracoordinate boron-containing PAHs:
colour tuning based on the nature of chelates. Chem. Sci. 13,
1665-1674 (2022).

Weerasinghe, R. W. et al. A Boron, Nitrogen, and Oxygen doped m-
extended helical pure blue multiresonant thermally activated
delayed fluorescent emitter for organic light emitting diodes that
shows fast kgisc without the use of heavy atoms. Adv. Mater. 36,
2402289 (2024).

Kondo, Y. et al. Narrowband deep-blue organic light-emitting diode
featuring an organoboron-based emitter. Nat. Photon. 13,
678-682 (2019).

Cao, X. Manipulating exciton dynamics toward simultaneous high-
efficiency narrowband electroluminescence and photon upcon-
version by a Selenium-incorporated multiresonance delayed
fluorescence emitter. J. Am. Chem. Soc. 144, 22976-22984 (2022).

. Zachariasse, K. A., Druzhinin, S. I., Bosch, W. & Machinek, R. Intra-

molecular charge transfer with the planarized 4-Aminobenzonitrile

Nature Communications | (2024)15:9611


https://doi.org/10.1038/s41563-024-01812-4
https://doi.org/10.1038/s41563-024-01812-4
https://doi.org/10.1038/s41566-024-01395-1
https://doi.org/10.1038/s41566-024-01395-1
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53740-1

39.

40.

4.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

1-tert-Butyl-6-cyano-1,2,3,4-tetrahydroguinoline (NTCB). J. Am.
Chem. Soc. 126, 1705-1715 (2004).

Guido, C. A., Mennucci, B., Jacquemin, D. & Adamo, C. Planar vs.
twisted intramolecular charge transfer mechanism in Nile Red: new
hints from theory. Phys. Chem. Chem. Phys. 12, 8016-8023 (2010).
Park, M., Kim, C. H. & Joo, T. Multifaceted ultrafast intramolecular
charge transfer dynamics of 4-(Dimethylamino)benzonitrile
(DMABN). J. Phys. Chem. A 117, 370-377 (2012).

Perveaux, A., Castro, P. J., Lauvergnat, D., Reguero, M. & Lasorne, B.
Intramolecular charge transfer in 4-Aminobenzonitrile does not
need the twist and may not need the bend. J. Phys. Chem. Lett. 6,
1316-1320 (2015).

Rajamalli, P. et al. New molecular design concurrently providing
superior pure blue, thermally activated delayed fluorescence and
optical out-coupling efficiencies. J. Am. Chem. Soc. 139,
10948-10951 (2017).

Chen, X.-K. et al. A New Design strategy for efficient thermally
activated delayed fluorescence organic emitters: from twisted to
planar structures. Adv. Mater. 29, 1702767 (2017).

He, X. et al. An ultraviolet fluorophore with narrowed emission via
coplanar molecular strategy. Angew. Chem. Int. Ed. 61,
€20220942 (2022).

Ward, J. S. et al. Delayed Blue Fluorescence via Upper-triplet state
crossing from C-C bonded donor-acceptor charge transfer mole-
cules with azatriangulene cores. Chem. Mater. 31, 6684-6695 (2019).
Hempe, M. et al. Intramolecular hydrogen bonding in thermally
activated delayed fluorescence emitters: is there evidence beyond
reasonable doubt? J. Phys. Chem. Lett. 13, 8221-8227 (2022).
Bergmann, K., Hojo, R. & Hudson, Z. M. Uncovering the mechanism
of thermally activated delayed fluorescence in coplanar emitters
using potential energy surface analysis. J. Phys. Chem. Lett. 14,
310-317 (2023).

Patil, V. V., Hong, W. P. & Lee, J. Y. Indolocarbazole derivatives for
highly efficient organic light-emitting diodes. Adv. Energy Mater.
2400258. https://doi.org/10.1002/aenm.202400258 (2024).

Li, M. et al. Aromatic-imide-based thermally activated delayed
fluorescence materials for highly efficient organic light-emitting
diodes. Angew. Chem. Int. Ed. 56, 8818-8822 (2017).

Feng, Q. et al. A 9-fluorenyl substitution strategy for aromatic-
imide-based TADF emitters towards efficient and stable sky-blue
OLEDs with nearly 30% external quantum efficiency. Mater. Adv. 2,
4000-4008 (2021).

de Sa Pereira, D., Menelaou, C., Danos, A., Marian, C. & Monkman, A.
P. Electro-absorption spectroscopy as a tool for probing charge
transfer and state mixing in thermally activated delayed fluores-
cence emitters. J. Phys. Chem. Lett. 10, 3205-3211 (2019).
Gawronski, J. et al. Excited states of the phthalimide chromophore
and their exciton couplings: a tool for stereochemical assignments.
J. Am. Chem. Soc. 120, 12083-12091 (1998).

Urban, M. et al. TADF invariant of host polarity and ultralong fluores-
cence lifetimes in a donor-acceptor emitter featuring a hybrid sulfone-
triarylboron acceptor. Angew. Chem. Int. Ed. 62, €202217530 (2023).
Miranda-Salinas, H. et al. Peripheral Halogen Atoms in Multi-
Resonant Thermally Activated Delayed Fluorescence Emitters: The
Role of Heavy Atoms in Intermolecular Interactions and Spin Orbit
Coupling. J. Mater. Chem. C. 12, 1996-2006 (2024).

Franca, L. G. et al. Exploring the early time behavior of the excited
states of an archetype thermally activated delayed fluorescence
molecule. J. Phys. Chem. Lett. 15, 1734-1740 (2024).

Qiu, W. et al. Confining donor conformation distributions for effi-
cient thermally activated delayed fluorescence with fast spin-
flipping. Nat. Commun. 14, 2564 (2023).

Phan Huu, D. K. A. et al. Thermally Activated Delayed Fluorescence:
Polarity, Rigidity, and Disorder in Condensed Phases. J. Am. Chem.
Soc. 144, 15211-15222 (2022).

58. Yamamoto, M., Tsuji, Y. & Tuchida, A. Near-infrared charge reso-
nance band of intramolecular carbazole dimer radical cations stu-
died by nanosecond laser photolysis. Chem. Phys. Lett. 154,
559-562 (1989).

59. Hosokai, T. et al. Evidence and mechanism of efficient thermally

activated delayed fluorescence promoted by delocalized excited

states. Sci. Adv. 3, €1603282 (2017).

Zhong, C. The driving forces for twisted or planar intramolecular

charge transfer. Phys. Chem. Chem. Phys. 17, 9248-9257 (2015).

61. Neese, F. The ORCA program system. WIREs Comput. Mol. Sci. 2,
73-78 (2011).

62. Neese, F. Software update: the ORCA program system, version 4.0.
WIREs Comput. Mol. Sci. 8, 1327 (2017).

63. Adamo, C. & Barone, V. Toward reliable density functional methods

without adjustable parameters: The PBEO model. J. Chem. Phys.

110, 6158-6170 (1999).

Weigend, F. & Ahlrichs, R. Balanced basis sets of split valence, triple

zeta valence and quadruple zeta valence quality for H to Rn: Design

and assessment of accuracy. Phys. Chem. Chem. Phys. 7,

3297-3305 (2005).

65. Hirata, S. & Head-Gordon, M. Time-dependent density functional
theory within the Tamm-Dancoff approximation. Chem. Phys. Lett.
3, 291-299 (1999).

66. Klamt, A. & Schiirmann, G. J. COSMO: a new approach to
dielectric screening in solvents with explicit expressions for the
screening energy and its gradient. J. Chem. Soc., Perkin Trans. 2,
799-805 (1993).

60.

64.

Acknowledgements

S.K., T.J.P. and A.P.M. acknowledges the EPSRC for funding under grant
number EP/T02240X/1. T.J.P. acknowledges EPSRC Programme Grant
(EP/X026973/1). A.P.M. and H.M.S. acknowledges the Leverhulme
Research Project Grant (RPG 2023-191).

Author contributions

S.K., and A.P.M conceived the idea. S.K. designed the molecules, per-
formed the synthesis and characterization under the supervision of
M.R.B. S.K. and H.M.S. conducted the time-resolved photoluminescence
measurements. H.M.S. performed the photoluminescence quantum
yields. H.M.S., S.K. and C.L. performed the time-resolved transient
absorption measurements. The quantum chemical modelling was done
by J.E. and T.J.P. The preparation and editing of the manuscript were led
by S.K., J.E., and A.P.M. with contributions and data interpretation from
all authors. A.P.M. supervised the project.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-53740-1.

Correspondence and requests for materials should be addressed to
Suman Kuila or Andrew P. Monkman.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Nature Communications | (2024)15:9611

10


https://doi.org/10.1002/aenm.202400258
https://doi.org/10.1038/s41467-024-53740-1
http://www.nature.com/reprints
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53740-1

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:9611


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Rigid and planar π-conjugated molecules leading to long-lived intramolecular charge-transfer states exhibiting thermally activated delayed fluorescence
	Results and Discussion
	Molecular design and synthesis
	Optical properties
	Triplet harvesting in degassed solution state
	Ambient triplet harvesting in solid doped films
	Transient photoinduced absorption measurements
	Electronic structure simulations

	Methods
	Synthesis
	Spectroscopic methods
	Steady state measurements
	Time-resolved measurements
	Transient absorption spectroscopy

	Computational methods

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




