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Colour purity and stability in multi-donor thermally activated delayed fluorescence (TADF) emitters has significant
implications for commercial organic light-emitting diode (OLED) design. The formation of emissive dimer states
in the well-known 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) chromophore at elevated dopant
concentrations has recently been confirmed both experimentally and via theoretical calculations, indicating that
multi-donor emitters such as 4CzIPN might suffer from a lack of colour stability due to the presence of multiple
emissive states. This poses a serious issue for OLED manufacturers. In this work, dithieno[3,2-b:2’,3’-d]pyrrole
(DTP) is applied as an alternative donor unit in a TADF emitter for the first time. In combination with
isophthalonitrile (IPN), the 4CzIPN analogue termed 4DTPIPN is obtained. The strong electron donating nature
of the DTP moiety gives rise to a red shift of the emission with respect to that of 4CzIPN. We identify that
4DTPIPN has a very stable emission spectrum throughout all solid-state thin film concentrations and host
materials. Rather interestingly, this colour stability is obtained via the formation of dimer/aggregate species that

Received 13th October 2021, are present even at 0.01 wt% concentration. Unfortunately, the higher colour stability is paired with a low
Accepted 20th February 2022 photoluminescence quantum yield, making 4DTPIPN unviable for device applications. Nonetheless, this work
DOI: 10.1039/d1tc04913e shows the importance of dimer contributions, even at dilute doping concentrations. This molecule and study
provide important understanding of the aggregation behaviour of small-molecule emitters necessary for the
rsc.li/materials-c successful application of doped and, especially, non-doped OLED architectures.
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The formation of charge-transfer (CT) states helps to mini-
mise the singlet-triplet gap. However, we know from previous
work that transitions between these CT states via spin-orbit
coupling (SOC) become forbidden as there can be no change in
orbital angular momentum.>® A nearby third state (often a
locally excited triplet state) is necessary to obtain non-negligible
rates of intersystem crossing (ISC) and reverse intersystem
crossing (rISC).” This is known as the spin-vibronic coupling
mechanism of TADF, in which the CT excited triplet state (*CT)
is vibrationally coupled with a locally excited triplet state (*LE)
and this mixed state allows rISC to the singlet state (*CT).>™*°

One of the most studied TADF emitters to date is 2,4,5,6-
tetrakis(9H-carbazol-9-yl)isophthalonitrile, better known as
4CzIPN. First published in 2012 by Adachi et al,'* 4CzIPN
was the emitter in a green OLED with an external quantum
efficiency (EQE) of 19.3 £+ 1.5%. This molecule has inspired
many multi-carbazole and multi-donor TADF materials since.
More recent investigations have considered the effect of
concentration and intermolecular interactions for this model
system. Kim et al. showed that a significant bathochromic shift
in the CT state emission occurs for 4CzIPN with increasing
concentration in a nonpolar host.'” They attributed this beha-
viour to the solid-state solvation effect (SSSE) in which the
polarity of dopant 4CzIPN molecules influences the other
surrounding 4CzIPN emitters, just as solvent molecules would
do in solution. However, this was refuted by Northey et al. as
the SSSE was shown to be less effective than the solvation
effects in liquid solvents due to the inability of the solid-state
molecules to rearrange.”® More recent follow-up modelling
work by Yang et al. showed that SSSE may still play a larger
role than initially predicted but it remains a weak effect
compared to standard solution polarity effects.'* Etherington
et al. investigated the photophysics of 4CzIPN in more detail,
looking at potential dimer formation that could lead to the shift
of the CT emission.'® Sublimation of pristine 4CzIPN led to the
formation of several fractions, all of them crystal polymorphs
with different emission properties in which the carbazole units
of separate molecules were found to show partial or full
face-to-face overlap to form dimer species. Photophysical char-
acterization of 4CzIPN in different hosts and at different
concentrations confirmed dimer formation in the solid state
as the dominant effect resulting in the observed bathochromic
shift."”® Molecular dynamics simulations by Cho et al con-
firmed the presence of dimer species being responsible for
the large concentration dependent red-shift of 4CzIPN emis-
sion in doped films.*®

Salah et al'” diversified this work by studying a 4CzIPN
analogue with pyrazine as an acceptor unit instead of isophtha-
lonitrile and concluded that the smaller dihedral angles
between the acceptor and carbazole units resulted in a lower
tendency to form dimers. This indicates that the carbazole
dimerization behaviour can be controlled by altering a different
part of the molecule and does not just require modification of
the carbazole itself. More recently, Imbrasas et al. reported a
multi-carbazole methyl 2,3,4,5,6-penta(carbazol-9-yl)benzoate
(5CzCO,Me) emitter.'® In their concentration dependent study
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in bis[2-(diphenylphosphino)phenyl]ether oxide (DPEPO), they
interpret the red-shift in emission of 5CzCO,Me within the
SSSE model. This collection of work is part of a wider discus-
sion on intermolecular and SSSE behaviour in a wide range of
organic light-emitting materials, which are important for com-
mercialisation prospects where colour stability is paramount.

In an attempt to overcome the dimer formation in 4CzIPN,
the 9H-carbazole units were replaced here by dithieno[3,2-
b:2',3'-d|pyrrole (DTP) to create the 4DTPIPN counterpart.
DTP was chosen as it is a widely used building block for the
development of push-pull (small molecule and conjugated
polymer) materials for organic photovoltaics*®>* and it has
also been used for the design of fluorescent materials.*® While
thiophene derivatives have been used for the development of
fluorescent emitters, the photoluminescence quantum yield
(PLQY) of such materials is generally rather low. Locking the
flexible nature of 2,2’-bithiophene by ring fusion between the
two thienyl units with an N-alkyl moiety leads to a significant
increase in the PLQY as non-radiative decay pathways are
restricted.>®* Furthermore, the photochemical stability of
the DTP unit renders DTP-based emitters one of the most
successful thiophene-based fluorescent materials.”* >

In contrast to our initial goal, a more persistent form of
dimer species that provided enhanced colour stability at the
expense of PLQY was obtained. 4DTPIPN is put forward as a
contrast to the materials studied by Salah et al.'” and shows
how control and enhancement of dimer formation can be used
to obtain colour stability, which may be especially relevant for
non-doped OLEDs, an emerging field of investigation that will
be heavily reliant on solid-state interactions.

Results and discussion

A two-step procedure was used for the preparation of 4DTPIPN,
involving the synthesis of a tert-butyloxycarbonyl-protected DTP
and subsequent deprotection (Scheme 1). This synthesis pro-
tocol was reported by Fortsch et al. and gives an overall yield of
62% after the ring-closure and deprotection steps.>® Despite
having a lower overall yield than other procedures reported in
the literature, the two-step synthesis affords better control over
the reaction conditions and allows the intermediate to be
isolated and purified before the final deprotection step.
Another method with higher reported yield, also published by
Fortsch et al.,>” was also attempted but finally abandoned as we
were unable to obtain the target product via this route. The
final nucleophilic substitution reaction between DTP and tetra-
fluoroisophthalonitrile was performed according to the synth-
esis procedure for 4CzIPN (see Table S2 for structure, ESIT).""
The detailed synthetic procedure and characterisation data can
be found in the ESIf and Fig. S1 and S2 (ESIY). Lastly, the
photo- and thermal stability of 4DTPIPN were investigated.
Monitoring of the emission under constant illumination
reveals only a slight decay (<5%) of the total emission inten-
sity, whereas this is much larger for 4CzIPN (Fig. S3 and
Table S1, ESI{). Thermogravimetric analysis revealed
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Scheme 1 Synthesis pathway toward 4DTPIPN: (i) Cul, tert-butyl carbamate, N,N’-dimethylethylenediamine, K,COs, toluene, 110 °C, 24 h; (i) K,COs,
methanol, room temperature, 5 h; (iii) tetrafluoroisophthalonitrile, NaH, THF, 50 °C, 16 h.

degradation with significant weight loss as a result at tempera-
tures of 414 °C and above (Fig. S4, ESIf), which is very
comparable to the values obtained for 4CzIPN in previous
The 4DTPIPN structure was confirmed by single crystal
X-ray crystallography (Fig. S5, ESIt).

Using the Gaussian16 quantum chemistry package,”® den-
sity functional theory (DFT) calculations were performed to
optimize the geometry of 4DTPIPN (M06/6-311G(d); Fig. 1).*°
4CzIPN was included in these calculations using the same
methods to allow straightforward comparison of the theoretical
properties of both molecules. All frequencies were found to be
real, indicating that the optimized geometries correspond to
minima on the potential energy surfaces. The calculated geo-
metry of 4DTPIPN shows dihedral angles of around 57° for the
DTP units with respect to the IPN core, with only small
differences between the individual DTP units. These values
are in excellent correspondence with those obtained from
single-crystal X-ray diffraction (Fig. S5 and S6, Tables S2 and
S3, ESIt). 4CzIPN shows slightly larger dihedral angles for the
carbazole units of around 62°. Nevertheless, there is a higher
degree of localization of the HOMO on the donor (DTP/Cz) unit
(Fig. 1) for 4DTPIPN than for 4CzIPN. This is expected to give a
very small AEgyr and large CT character for the HOMO — LUMO
transitions. Further calculations can be found in Fig. S7 and
Table S4 (ESIY).

To provide a benchmark to the previous studies and ascer-
tain the behaviour of 4DTPIPN, the steady-state absorption and
(time-resolved) photoluminescence spectra of the novel com-
pound were measured in both solution—methylcyclohexane,
toluene, chloroform, and 2-methyltetrahydrofuran—and in the
solid state—zeonex, polystyrene, bis[2-(diphenylphosphino)-
phenyljether oxide (DPEPO), 1,3-bis(triphenylsilyl)benzene
(UGH-3), and as neat film (Fig. 2, 4, 5, and Fig. S8-520, ESI¥).
The solid-state experiments were performed at different con-
centrations for zeonex and polystyrene (0.01, 0.1, 1, 10 wt%) to
analyse the aggregation behaviour (vide infra).

While the UV-VIS absorption spectra are very similar both in
solution and in the solid state, showing none of the significant
red-shifting with concentration observed for 4CzIPN, this does
not rule out dimer formation as absorption spectroscopy is less

work.'®
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Fig. 1 Optimized geometries and HOMO and LUMO for 4DTPIPN and
4CzIPN. Isosurface values of 0.02 a.u. were used for all orbitals.

sensitive for changes in aggregation than photoluminescence
spectroscopy. The single-crystal X-ray structures were also con-
sulted and did show evidence for close intermolecular S- - -S and
C-H- - N (with the nitrogen atoms of the DTP units and cyano
functional groups) interactions (Fig. S6, Table S3, ESI{), linking
the molecules into a 3-dimensional network. In contrast to
4CzIPN, there are no face-to-face overlaps between the donor
units of different molecules. Instead, there are edge-to-face
interactions as indicated in Fig. S6 (ESIt). The absence of
face-to-face stacking due to ‘wedging’ between the D2/D4 and
D3 donor units (Fig. S5, ESIt) is because the dihedral angles
between the DTP and IPN units are smaller than 70°. A more
detailed description of the various intermolecular interactions
in the single crystal lattice can be found in the ESL ¥

At this stage the situation for 4DTPIPN seems to be very
different to that of 4CzIPN and strong experimental evidence
for dimer species using the methods utilised in the original
work'® proved elusive. Therefore, the excitation scan of
4DTPIPN at its emission peak of 2.05 eV (605 nm) was recorded
at different concentrations in polystyrene (Fig. 2a), in which a

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Excitation spectra monitored at the emission peak of 2.05 eV
and (b) fluorescence emission spectra for 4DTPIPN in various host
materials (polystyrene, zeonex, UGH-3, DPEPO, and neat) and at different
concentrations (for polystyrene and zeonex). N.B. For the excitation scan
of the neat film the amplification of the sub bandgap absorption is a result
of the measurement technique and is not a reflection of the oscillator
strength of the dimer/aggregate absorption. This makes the technique
effective for highlighting low absorbance bands, but the true absorption
profile should always be interpreted from Fig. S8 (ESI¥).

clear increase in the absorption shoulder at 2.8 eV is observed
and ultimately transitions into a completely new absorption
band for the neat film. This new absorption band is attributed
to a dimer/aggregated species of 4DTPIPN and provides unequi-
vocal evidence of a dimer/aggregated species in the system.
The photoluminescence of 4DTPIPN (Fig. S8b, ESI{) shows
clear solvatochromism going from methylcyclohexane (MCH)
to 2-methyltetrahydrofuran (2-MeTHF), with the concomitant
drop in emission intensity with increasing polarity. The solva-
tochromic behaviour of the emission is indicative of CT char-
acter. This was confirmed via time-dependent density
functional theory (TD-DFT) calculations (Fig. 3, Table 1) using
a modified LC-BLYP*® range-separated exchange-correlation
functional with the 6-311G(d) basis set under the Tamm-Danc-
off approximation®" and applying the polarizable continuum
model (cyclohexane).*” The range-separating parameter o was

This journal is © The Royal Society of Chemistry 2022
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set to 0.17 bohr™!

33,34

, in accordance with the findings of previous
works.

Apart from the spatial separation of the molecular orbitals
apparent in Fig. 1, the CT character was confirmed via calcula-
tion of the ground-excited state electron density differences
following the work of Le Bahers et al. (see Fig. 3 and Table 1).*
Looking at the differences between the ground and excited state
electron densities (Fig. 3), both 4DTPIPN and 4CzIPN show
predominant CT character, as indicated by the localized nature
of the diminishing (cyan) and increasing (purple) charge den-
sity regions on the donor and acceptor units, respectively. This
is quantified as the amount of charge that is transferred (gcr)
during the transition in Table 1. 4DTPIPN shows full CT
character (gcr = 1.0) for its first and second singlet excited
states and also for the first triplet excited state, whereas the
second triplet excited state shows slightly less CT character.
Overall, 4CzIPN has less CT character, indicated by the reduced
gcr values (Table 1). This is likely due to the better overlap
between the frontier orbitals, as illustrated in Fig. 1 and Fig. S7
(ESTY).

Having confirmed the nature of the emissive states, their
(time-resolved) emission behaviour and concentration depen-
dency in the solid state was investigated. In Fig. 2b, the steady-
state emission spectra in the solid state are shown. A red-shift
in the emission onset is seen for 4DTPIPN (1 wt% zeonex;
2.41 eV) with respect to the reported value for 4CzIPN (1 wt%
zeonex; 2.78 €V)," confirming the stronger electron donating
nature of the DTP unit. This is in good correspondence with the
values obtained from the TD-DFT calculations (Table 2).
Furthermore, a gradual red-shift is visible upon increasing
dopant concentration, with a relatively large shift from 1 to
10 wt% zeonex and finally to the neat film, which is effectively
100 wt% 4DTPIPN. This is another indication of possible
dimer/aggregate formation. The blue-shift in DPEPO with
respect to UGH-3 most likely arises due to packing effects as
a result of the different dipole moments and polarizability of
the host materials. DPEPO has a larger dipole moment than
UGH-3 and can therefore mix better with 4DTPIPN, which will
lead to fewer aggregates and a blue-shifted emission.

To further probe the aggregation effects of 4DTPIPN, time-
resolved fluorescence experiments were performed on the same
series of films and a dilute solution (20 uM) in toluene (Fig. 4, 5
and Fig. S10-S20, ESIY).

In all doped films, the prompt fluorescence has an onset
between 2.20 and 2.45 eV (Fig. 4). Notably, for polystyrene and
zeonex, there is very little change in the emission onset from
0.01 to 1 wt% doping. Only when going to 10 wt% doping, the
emission slightly red-shifts, without changes in the emission
peak shape. The emission in 10 wt% UGH-3 is also slightly red-
shifted with respect to the 0.01, 0.1 and 1 wt% emission in
polystyrene, whereas the emission in the 10 wt% DPEPO film is
not. This is identical to the findings from the steady-state
emission spectra. The emission in the neat film is red-shifted
with respect to the emission in solid doped films. With the neat
film having the highest possible concentration of 4DTPIPN,
one would expect any dimer emission to be visible here. The

J. Mater. Chem. C, 2022, 10, 5840-5848 | 5843
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Fig. 3 Ground-excited state electron density differences for the first and second excited singlet and triplet states. Isosurface values of 0.0004 a.u. were
used for all densities. The cyan regions indicate a decrease in charge density, whereas the purple regions indicate an increase in charge density.

Table1 Nature of the various transitions (H = HOMO, L = LUMO) and amount of charge transfer (qct) accompanying the Sg — Syand S — Ty (x =1, 2)

transitions in cyclohexane

Sy S, T, T,
Compound Nature qdor Nature qdor Nature dcr Nature qor
4DTPIPN H — L (97%) 1.00 H-1 — L (95%) 1.00 H - L (87%) 1.00 H-1 — L (77%) 0.84
4CzIPN H — L (93%) 0.84 H - L+1(61%) 0.97 H - L (91%) 0.83 H—4 — L% (39%) 0.65

“ This transition additionally has 20% H — L and 22% H — L + 1 character as the other dominant natures.

Table 2 TD-DFT results for the first and second vertical singlet excitation
energies (AESX) and corresponding oscillator strengths (f) and the first and
second vertical triplet excitation energies (At )

AEs, AE;, AEy, AEy, AEr 1 AEs
Compound (eV) fs, (eV) fs, (ev) (ev) (eV) (eV)
4DTPIPN 2.63 0.001 2.76 0.009 2.57 2.63 0.06 0.06
4CzIPN 2.84 0.095 3.11 0.156 2.68 2.82 0.14 0.16

fact that the emission across all film concentrations and hosts
seems to be extremely similar, draws us to the conclusion that the
aggregated/dimer species is present at all concentrations. The small
shifts in onset are likely arising from a distribution of dimer
conformations, a similar situation was observed in 4CzIPN when
comparing the crystals to amorphous films and demonstrated
during the mechanochromic studies.'> This consistency in the
emission spectra across all films and the presence of an aggregated
species in dilute films of 0.01 wt% show that this molecule has
significant propensity to form dimers.

The dilute toluene solution of 4DTPIPN gives a similar peak
shape and position as in the neat film. However, this is
coincidental and not indicative of the same physical processes
but rather due to the significant difference in polarity effects of

5844 | J Mater. Chem. C, 2022, 10, 5840-5848

solvents versus the polarizability in the solid state. Separation of
these effects allows us to assign the neat film (and other thin
films) to an aggregated species and the toluene to a relaxed
monomer CT state.

Further evidence of the dimer species in the thin films are
the isoemissive points present in the RT spectra at certain delay
times (vide infra). Isoemissive points are commensurate with
the presence of two distinct species in a system.*® The higher
energy emission that appears at longer delay times is assigned
to monomer CT emission arising from molecules that are
isolated within the polymer or small molecule matrix.

Since the compound behaves similarly in all host materials,
the results for the 1 wt% polystyrene film are discussed here in
detail, making reference to the isoemissive points and key
onset energies that appear across all of the solid-state films
(Fig. 5 and Fig. S10-S20, ESIY). Following the excitation (Aexc =
355 nm), emission with an onset of around 2.38 eV (521 nm;
Table 3) is observed at room temperature until several micro-
seconds. This is assigned to the dimer/aggregate species and is
a consistent presence across all films. Slight deviations in onset
energy and peak emission arise from conformational effects
and different proportions of monomer CT prompt emission,
which may cause a small blue-shift.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Prompt fluorescence spectra (0.8 ns after excitation) extracted

from the time-resolved emission decays of 4DTPIPN in the various solid
films and in toluene solution at room temperature.

After several microseconds, the emission blue-shifts and an
isoemissive point becomes apparent (Fig. 5b). This blue-shifted
delayed fluorescence is attributed to the isolated monomer CT
and appears in different amounts that will be proportional to
the number of isolated molecules. To uncover whether the
delayed fluorescence is unimolecular or bimolecular, a laser
energy measurement was conducted since TADF scales with the
laser energy as a power 1, whereas TTA scales as a power 2.
This is especially valid at very low laser powers where the triplet
generation is not saturated by the laser energy. As can be seen
in Fig. S21 (ESIY), the plot of the integrated emission intensity
versus laser energy yields a linear correlation with a slope of
1.02 and an R” value of 1, indicative of a unimolecular process
for the delayed fluorescence of the dimer and monomer
species.

At 80 K (Fig. 5d-f), the emission at 0.8 ns is very similar to
that at room temperature at 0.8 ns. Most notably, the delayed
fluorescence arising from the monomer CT species is no longer
present as the thermally activated nature of the mechanism is
switched off at low temperature. The slight blue-shift at signifi-
cantly longer times is attributed to monomer phosphorescence.

This journal is © The Royal Society of Chemistry 2022
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It is notable that the monomer species emission at RT and 80 K
are no longer present in the neat film, an observation that is
assigned to the increased quenching by the dimer species in
the neat film (Fig. S19, ESIY).

In the previous report by Etherington et al,'® 4CzIPN
showed a pronounced red-shift after several tens of nanose-
conds and this shift is heavily influenced by the dopant
concentration in zeonex. This is not the case for 4DTPIPN, as
outlined above, and shows the enhanced propensity of
4DTPIPN to form dimers even at dilute concentrations of
0.01 wt%.

The photoluminescence quantum yields (PLQYs) of the
various films were measured under air and inert atmosphere
(Table 3) and are rather low. PLQY measurements often have
significant error bars due to the process of the measurement
and while there is variation with concentration across the
samples this data merely confirms that across all films the
PLQY is low and in the range of 1-10%. This is consistent with
the emission being dominated by the dimer emission in the
solid state and generally high non-radiative recombination
across both solid state and solution. While the single-crystal
structure showed the presence of edge-to-face interactions - as
opposed to face-to-face interactions, which are generally con-
sidered to lead to larger non-radiative losses - there is photo-
physical evidence that face-to-face interactions must be present
in this system in the host environments that we have consid-
ered. The presence of red-shifted emission and the emergence
of a red-shifted absorption band in the excitation spectra with
increased concentration cannot be attributed to edge-to-face
interactions and must be due to n—n interactions. Furthermore,
sulphur atoms are often correlated to having a higher SOC than
second row elements such as carbon, nitrogen and oxygen. The
presence of 8 sulphur atoms per molecule is expected to
drastically increase the SOC and the non-radiative relaxation
and therefore contributes, perhaps even to a larger extent, to
the low PLQYs. Next to the increase in non-radiative losses,
transitions such as ISC will also be enhanced by the induced
SOC and this is expected to cause a high proportion of triplets.
An estimate of the triplet state population was ascertained by
measuring the singlet oxygen quantum yield (@,) in solution
for 4DTPIPN and 4CzIPN (Fig. S22, ESIT). The singlet oxygen
quantum yield of 4DTPIPN is 19%, confirming the tendency to
form triplet excited states. However, the singlet oxygen quan-
tum yield of 4CzIPN is 43%, surpassing that of 4DTPIPN.
Important to note, however, are the PLQYs for 4CzIPN (94%
in toluene under inert atmosphere)'’ and 4DTPIPN (10% in
0.1 wt% zeonex). Since 4CzIPN is known as a good TADF
emitter with a high PLQY, it is no surprise that the ISC is
efficient and non-radiative losses are diminished with a high
triplet formation as a result. 4DTPIPN has a much lower PLQY
under inert atmosphere but manages to form a significant
amount of triplet excited states. From these results we can
conclude that 4DTPIPN very efficiently forms excited triplet
states and is able to convert them back to the singlet state
via rISC but suffers from larger non-radiative losses with
respect to 4CzIPN. To verify this hypothesis, kinetic fitting of
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Fig. 5 Emission spectra extracted from the time-resolved emission decay of 4DTPIPN in a 1 wt% doped polystyrene film at room temperature (left) and

80 K (right).

the time-resolved emission decays was performed for 4DTPIPN
(and 4CzIPN for comparison) according to the procedure
introduced by N. Haase et al. (Fig. S23 and S24 and Table S5,
ESI).*” 1t is apparent that 4DTPIPN has a slightly shorter
lifetime for the prompt fluorescence (tpg), which is in line with
having a slightly greater kg, and a significantly shorter delayed
fluorescence lifetime (tpg), which is in line with having a much
greater kisc (4x). The higher rISC can be attributed to a smaller
AEgy. Despite having overall higher rates for the fluorescence,
ISC and rISC, 4DTPIPN still shows lower PLQYs and a k3, that is
an order of magnitude higher than 4CzIPN.

5846 | J Mater. Chem. C, 2022, 10, 5840-5848

Unfortunately, the low PLQY of 4DTPIPN in doped films
limits its application in OLEDs and no devices were constructed
using this material. The dependence of the PLQY on the
presence of oxygen and the inherent temperature dependence
of the rISC process could be used to construct TADF-based
oxygen and temperature sensors, as has been described in
recent literature.*®**! The relatively high singlet oxygen quan-
tum yield, red-shifted emission and material stability make
4DTPIPN an interesting material for (image-guided) photody-
namic therapy applications.*”> While many TADF emitters have
relatively high triplet formation yields, they are seldomly

This journal is © The Royal Society of Chemistry 2022
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Table 3 Photophysical properties for 4DTPIPN

Sample AEg" (eV) AE{® (eV) AEsr” (eV) PLQYqi? PLQYiner”
0.01 wt% PS 2.40 2.34 0.06 4.9 2.2
0.1 wt% PS 2.39 2.38 0.01 8.5 6.6
1 wt% PS 2.38 2.38 <0.01 7.6 9.8
10 wt% PS 2.36 2.35 0.01 1.5 1.6
0.01 wt% zeonex 2.40 2.36 0.04 5.3 5.9
0.1 Wt% zeonex 2.40 2.34 0.06 8.2 10.3
1 wt% zeonex 2.41 2.35 0.06 3.5 4.5
10 wt% zeonex  2.34 2.34 <0.01 1.1 1.1
10 wt% UGH-3  2.28 —° — —f —f
10 wt% DPEPO  2.42 2.43 0.01 —f —f
Neat 2.24 2.13 0.11 0.6 0.5

“ Taken from the onset of the prompt fluorescence emission. ° Taken
from the onset of the phosphorescence emission at millisecond times
at 80 K. ¢ Calculated as Es-Er. ¢ Photoluminescence quantum yields of
the various samples measured under air and inert atmosphere. ¢ Tri-
plet energy and singlet-triplet energy gap could not be determined
accurately due to low emission intensity at long times at 80 K. PLQYs
in UGH-3 and DPEPO films were not measured.

applied as photosensitizers.** Furthermore, the red-shifted and
delayed emission can be used for time-resolved bio-imaging
applications in which the delayed emission remains present
after the cell autofluorescence has died out.**™*>

Conclusions

We have shown the synthesis and photophysical characterisa-
tion of 4DTPIPN, using the 4H-dithieno[3,2-b:2’,3'-d]pyrrole
(DTP) moiety as a novel donor unit to construct an emissive
donor-acceptor type compound. 4DTPIPN afforded a red-
shifted emission in comparison to the 9H-carbazole analogue
4CzIPN, which has been investigated extensively in literature
prior to this study. Time-resolved emission spectroscopy
showed the presence of a persistent aggregate/dimer species
that undergoes delayed fluorescence. This aggregate was found
to be more significant than that which was found for 4CzIPN
and is present even in dilute film."® Rather contrastingly, it has
been more difficult to obtain evidence of the dimer/aggregate
species through steady-state absorption measurements and
analysis of the crystal structure and packing. However, clear
evidence of the dimer/aggregate species has been obtained
from excitation scans of the doped films showing significant
red-shifts and the appearance of a low energy band in the neat
film. Combined with the observation of an isoemissive point in
the time-resolved fluorescence spectroscopy across almost all
conditions, we conclude that the dimer/aggregate species in
this compound is dominant and pervasive, so much so that the
emission profiles of the compound are very similar across all
film conditions.

These results show that 4DTPIPN has the potential of
achieving higher colour stability as a result of dimer/aggregate
states. However, this colour stability comes at the cost of PLQY.
Regardless, this investigation highlights the effects of dimer/
aggregate contributions that may be present even at dilute
doping concentrations and could play an important role in
the discussion of solid-state solvation effects. Awareness of this

This journal is © The Royal Society of Chemistry 2022
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aggregation will be important in the understanding of mole-
cular interactions of small-molecule emitters that will be uti-
lised in both doped and non-doped OLEDs.
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