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Abstract

Control of photophysical properties is crucial for the
continued development of electroluminescent devices and
luminescent materials. Preparation and study of original
molecules uncovers design rules towards efficient materials
and devices. Here we have prepared 7 new compounds
based on the popular donor—acceptor design used in
thermally activated delayed fluorescence emitters. We
introduce for the first time benzofuro[3,2-e]-1,2,4-triazine
and benzothieno[3,2-e]-1,2,4-triazine acceptors which were
connected to several common donors: phenoxazine, phenothiazine, carbazole and 3,6-di-tert-
butylcarbazole. DFT calculations, and steady-state and time-resolved photophysical studies were
conducted in solution and in solid states. While derivatives with azine moieties are non-emissive in
any form, the compounds comprising 3,6-di-tert-butylcarbazole display TADF in all cases. More
interestingly, the two derivatives substituted with a carbazole donor are TADF active when dispersed
in a polymer matrix and phosphorescent at room temperature in neat films (microcrystalline form).

Fused as-triazine acceptor

Introduction

Efficient luminescent organic materials are in high demand for the development of optoelectrical
devices and sensors. Control of the photophysical properties and emission nature is of crucial
importance for these applications. For example, Thermally Activated Delayed Fluorescence (TADF)
has gained high popularity for electroluminescent (EL) devices after the pioneering work of Adachi,*>
because it enables high efficiency by harvesting both singlet and triplet states to produce light (while
avoiding the use of expensive metals). On the other hand, Room Temperature Phosphorescence
(RTP) is very attractive in bioimaging because it allows easy implementation of time-gated imaging
(avoiding autofluorescence interferences) while large Stoke shifts eliminate the necessity to use
expensive filters to remove excitation light.5”



The TADF phenomena can occur when a small singlet—triplet energy splitting (AEst) is obtained
through, e.g. a charge transfer (CT) transition using donor—acceptor (D—A) compounds.®° Indeed, in
D-A compounds the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) are separated on different moieties of the molecule minimizing exchange
energy and thus also AEsr. This leads to efficient reverse intersystem crossing (risc) from Ty to Si.
Many reports now exist of efficient TADF emission achieved through a pre-twisted charge transfer
configuration in D—A-D systems with a certain degree of HOMO—-LUMO overlap.t?° Consequently, a
proper choice of D and A moieties as well as their linkage pattern are very important parameters to
obtain efficient TADF emitters.®?%"23 Recently, an alternative approach to achieve small AEsr has
appeared, consisting in the use of p- and n-doped polycyclic aromatic hydrocarbons. This leads to so-
called multi-resonance TADF (MR-TADF) materials?*2® which present interesting and useful
properties in terms of colour purity and narrowed emission bandwidth, revealing that not only
intersegmental but also interatomic D—A interactions can be used to achieve TADF.

On the other hand, RTP has been observed when molecules with larger AEsr are in an
environment where molecular motions are restricted.?® In particular, reliable methods to induce
efficient RTP include aggregation or crystallization-induced enhanced emission (AIEE or CIEE).*®
Crystallization-induced RTP results from the formation of highly ordered crystalline structures, which
restricted molecular motion inside the crystal lattice (suppressing vibrational modes coupled to non-
radiative decay pathways) and also prevent oxygen diffusion and direct quenching of the triplet
excited states and their phosphorescence. Switching between the two delayed emission properties
can thus be sometimes observed with only minor environmental or chemical changes.

Among all the acceptors used in TADF, triazines have attracted great attention because of their
strong electron deficiency and ability to undergo various functionalizations.3'3® There are two
possible triazine isomers: symmetric 1,3,5-triazine (s-triazine), and asymmetric 1,2,4-triazine (as-
triazine).3® A third possible isomer, 1,2,3-triazine, is stable only when incorporated in fused ring
systems and so has not received similar attention. s-Triazine has received the greatest interest,
because of the availability of numerous and cheap synthetic feedstocks and reaction schemes. It has
been widely used to synthesize excellent electron transporting materials, host materials, emitters,
and ligands for organometallic phosphorescent complexes used in OLEDs.3*® Consequently,
numerous publications deal with 1,3,5-triazines based luminescent TADF materials.3®% In particular,
Adachi et al. prepared a green TADF OLED with a maximum EQE of 29.6% using a s-triazine based
emitter.”?

The asymmetric as-triazine unit has only rarely been used as a building block for organic active
materials, especially as an OLED emissive layer.3**! Recently Xiang et al.** reported TADF emitters
featuring an as-triazine core as the electron acceptor and 2 or 3 phenoxazines as donors. The tris-
phenoxazinyl-as-triazine based OLED displayed yellow emission and achieved a good EQE of 13.0%,
which is comparable to similar devices based on s-triazine. Xiang's work demonstrated the potential
of as-triazine as a building block towards efficient luminescent materials. as-Triazine can also be
condensed with other aromatic rings to form new extended aromatic structures.*® Investigations of
such fused 1,2,4-triazine systems as luminescent materials has not been reported, until now.

In this work we prepared and studied new fused 1,2,4-triazines: benzofuro[3,2-e]-1,2,4-triazine
and benzothieno[3,2-e]-1,2,4-triazine, each substituted with various common donors (carbazole,
phenoxazine, phenothiazine and 3,6-di-tert-butylcarbazole, Fig. 1). Interestingly, we show that if their
molecular motion is restricted, it is possible to switch the emission of two of these derivatives from
TADF to RTP by changing their aggregation state. Indeed, these derivatives show TADF when
dispersed in a PMMA matrix at RT, but RTP in neat films (microcrystalline form).
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Fig. 1 Molecular structures of the new fused 1,2,4-triazines synthesized and studied in this work

Results and discussion
Synthesis and theoretical chemistry

Synthesis The first steps of the synthetic pathway were inspired by the work of Seitz et al.** The
benzofuro[3,2-e]-1,2,4-triazine and benzothieno[3,2-e]-1,2,4-triazine were prepared starting from
the 3,6-dichloro-s-tetrazine in two steps: (a) a nucleophilic aromatic substitution (SnvAr) followed by
(b) an intramolecular cycloaddition (Scheme 1). The intermediates produced by this sequence still
bear a chlorine atom that can undergo a second SnAr reaction with heterocyclic donors to yield the
final adducts (Scheme 1).
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N=N N=N @ N N

c—( ) —>c— )X —>c— Nxo o~/ Nx
N-N SNar N-N N=N SNar N=N

cycloaddition

X=0, 8
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Scheme 1 Synthetic pathway used to prepare the new donor substituted benzofuro[3,2-e]-1,2,4-
triazines and benzothieno[3,2-e]-1,2,4-triazines.

All compounds have been characterized by *H and *C NMR and mass spectrometry (see ESIt).
Their thermal stabilities have also been evaluated by thermal gravimetric analysis (TGA). The
compounds show good stability with a thermal decomposition temperature (Td, corresponding to 5%
weight loss) ranging from 285 to 320 °C (Table S1, ESIT).

DFT calculations All compounds have been studied by DFT calculation (see ESIt for details) to
facilitate interpretation of subsequent experimental photophysical data. First, the ground state
geometries of the derivatives were obtained (Fig. 2 and Fig. S1, ESIT). The calculated structures of the
benzofuro(3,2-e]-1,2,4-triazines and benzothieno[3,2-e]-1,2,4-triazines acceptors are flat in all cases
(angle A in Table S2, ESIT). In the case of X1, X4 and X7 the carbazole donor is flat (Fig. 2 and angle D
in Table S2, ESIt) and the D and A subunits are almost fully conjugated (Fig. 2 and angle A-D <20° in
Table S2, ESIT). This is consistent with a recent report showing that in spatially compact pyrazine
acceptor heteroatoms allow TADF donors to twist more freely than when surrounded by C—H bonds
or other donors.* However, when D is a bulkier phenoxazine (X2 and X5) or a phenothiazine (X3 and
X6) the donor is tilted (angle 35 or 47°, Fig. S1 and angle D in Table S2, ESIT) and D and A are quasi
axial (angle A-D in Table S2, ESIt) as previously noticed for similar compounds.*®
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Fig. 2 Optimized ground state structures of X1 (left), X4 (center) and X7 (right). The number below
the structures refers to the D—A angle which is the calculated angle between the mean planes of the
donor and the acceptor.

The calculated energies of the frontier molecular orbitals show that the benzofuro[3,2-e]-1,2,4-
triazine has a slightly stronger acceptor character than the benzothieno[3,2-e]-1,2,4-triazine with the
LUMO of the former approximately 0.08 eV lower in energy (Fig. S2, ESIt). In all cases, the HOMO is
delocalized on the donor moiety with a small participation from the as-triazine, while the LUMO is
localized exclusively on the acceptor moiety (Fig. S3 top, ESIt).

TDDFT calculations reveal that the lowest energy singlet transition corresponds to a D—A charge
transfer (CT) state, while the second lowest is an as-triazine centred n—mt* transition (Fig. S3 bottom
and Table S3, ESIt). Higher energy transitions have a m—nt* character and are centred on either the D
or A moieties (locally excited, LE). Table S4 (ESIt) is reports the D index which is a magnitude of CT
length and t index which is designed to measure the degree of separation of hole and electron for
the first transition. Both indices are large for all compounds thus indicating the CT nature of the first
calculated transition. It is also confirmed visually with the plots of the charge density differences
between excited state and ground state (Fig. S4, ESIT). The calculated wavelength values for the first
transition are in good agreement with the experimental ones (Table S6, ESI,t mean averaged error
less or equal to 10%).

The geometries of the first singlet excited state (S1) of each compound were then optimised (Fig.
S5, ESIT). For X1, X4 and X7, the D—A angle increases from less than 20° in the So state to =52° in the
S; state (Table S5, ESIT). The MOs also become less delocalized so the S; state has a more
pronounced CT character than the first excited state at So geometry as indicated by the increase of
the magnitude of both D and t indexes (Table S4, ESIT) and AEst is = 0.1 eV. For the other derivatives,
D becomes flat and the D—A angle is close to 90° (quasi-equatorial configuration).?® D and A are
orthogonal and S; is a pure CT state with strong stabilization and very small AEsr (0.02 eV).

In conclusion, when D is a phenoxazine or a phenothiazine, the compounds should be non-
emissive because the pure CT character leads to a symmetry-forbidden transition. When D is instead
a carbazole moiety, the derivatives should possess mixed-character excited states more suited for
prompt and delayed fluorescence.

Photophysical study

The compounds substituted by phenothiazine or phenoxazine moieties (X2, X3, X5 and X6), display
less remarkable emissive properties than the ones substituted by a carbazole moiety (X1, X4 and X7).
Indeed, as predicted by our computational study, X2, X3, X5 and X6 are almost totally non-emissive



(Table S7, ESIT) with measurable emission quantum yields (QY) in only limited cases (Table S8, ESIt).
Therefore, a detailed photophysical study has only been carried out on the emissive compounds
featuring carbazole donors: X1, X4 and X7.

Photophysical study of the azine-donor compounds (X2, X3, X5 and X6) UV-Vis absorption spectra of
X2, X3, X5 and X6 are reported in Fig. S6 (ESIt). At low energy, absorption spectra exhibit two weak
bands in the 350-500 nm region (Table S7, ESIT). Based on the TDDFT results, the lower energy one is
assigned to a CT transition derived from electron transfer from the HOMO of the donor
(phenoxazine) to the LUMO of the acceptor (as-triazine). The second band is a n—-nt* transition
located on the triazine core, as noticed before in simple triazines.*””*® At a higher energy, X2 and X5
exhibit two absorption bands with Amaxca. 280 nm and 310 nm, which are typical of phenoxazine
derivatives.*>*® X3 and X6 compounds also present an intense band with a shoulder in that range
that is typical of phenoxazine derivatives.**°

The steady state emission spectra of X2, X3, X5 and X6 in solution (cyclohexane and toluene) and
in solid state (PMMA, neat film, and crystal powder) are shown in Fig. S7 (ESIT). The neat films for
these four compounds appear amorphous and glassy. All the molecules can be considered as quasi-
non-emissive in solution even if a very weak emission (around 395 nm typical of the phenoxazine®) is
detectable for X2 and X5 in non-polar solvents i.e. cyclohexane and toluene. This non-emissive
categorization is supported by very low measured QYs, in many cases near zero (Table S8, ESIT).

When dispersed in PMMA (a rigid matrix at RT), all compounds display a CT emission although
with very low intensity (Fig. S7, ESIT). At best, X3 and X6 present a measurable QY of 0.2% (Table S8,
ESIT). In addition, the LE fluorescence band of phenoxazine is also present, especially for X5.
Moreover, in Fig. S7 (ESIT) we can notice that X2, X3 crystals and X5 neat film maintain a CT emission
band similar to the one in PMMA thus retain the fluorescence of a single molecule in the crystal or
neat film (both in spectral shape and position). Interestingly the crystalline powder of X2 and X6
show a more intense emission (0.5%) than the molecule dispersed in PMMA. Therefore, we identify a
moderate Crystallization Induced Enhanced Emission (CIEE) phenomenon in these materials.
However, in X6 crystal we observe a bathochromic shift respect to PMMA that indicates the
formation of a different emissive excited state (e.g. dimer, excimer).

Fluorescence decays were recorded for the compounds dispersed in PMMA and we observed two
emission decay lifetimes, in the nanosecond and microsecond regimes (Table S8, ESIT). It can thus be
concluded that despite weak intensities both prompt and delayed fluorescence channels are present.
A similar result was obtained for the most emissive X2 and X6 crystalline powders (Table S8, ESIt).

Photophysical study of the carbazole-donor molecules (X1, X4 and X7) in solution The UV-Vis
absorption spectra of molecules X1, X4 and X7 are displayed in Fig. 3. All molecules exhibit a twofold
broad absorption band between 370 and 470 nm (Table S7, ESIt). Similar to the previous materials,
the lower energy maximum is attributed to a CT state coming from an electron transfer from the
HOMO of the donor (carbazole) to the LUMO of the acceptor (triazine), with the second band arising
from a n—rt* transition located on the triazine core.”® The three higher energy absorption bands
(Table S7, ESIT) are associated with m—mt* transitions due to their larger relative intensity. These
absorption bands peaking at Amax = 325-330 nm and Amax = 292 nm are typical of carbazole
derivatives.’*™3
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Fig. 3 Absorption spectra of X1 (a), X4 (b) and X7 (c) in cyclohexane (10 M, cyan), toluene (10> M,
blue), dichloromethane (10> M, orange) and PMMA (0.1wt%, pink). Inset in all four graphs: zoom of
the low energy bands between 350 nm and 500 nm.

To investigate the effect of the different donor and acceptor moieties on the maximum emission
wavelength, we compared the photoluminescence (PL) spectra of the compounds in toluene (Fig. 4).
First we compared X1 and X7 which differ by the nature of their donor; carbazole and 3,6-di-tert-
butylcarbazole respectively. The inductive effect is stronger with the latter, causing it to act as a
stronger donor. The different steric hindrance is irrelevant in fluid solution because of the remote
position of the substituents. The emission maxima (and colour) for X1 and X7 are 543 nm (green) and
598 nm (orange) respectively (Table S7, ESIt). This is in accordance with the stronger donor character
of the 3,6-di-tert-butylcarbazole. We also compared X1 and X4, which only differ by their acceptor
units: benzofuro- and benzothieno-as-triazine respectively. The replacement of oxygen (X1) by
sulphur (X4) in the acceptor unit weakly affects their emission maxima (Fig. 4) which shift by only 10
nm (X4 = 533 nm). This change is in accordance with the DFT calculations, and shows that the
benzofurotriazine is a slightly stronger acceptor than the benzothienotriazine. However, their QYs
are strongly affected by this change, with X1 twice as emissive as X4 in aerated toluene (Table 1).
This might be due to the “heavy atom effect” induced by the presence of sulphur (relative to the
much lighter oxygen) which can promote intersystem crossing that competes with emission, leading
to a lower QY.
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Fig. 4 Photoluminescence spectra of X1 (cyan), X4 (blue) and X7 (orange) in toluene (10 M).
Aex=325-327 nm



Table 1 Spectroscopic properties of X1, X4 and X7 in toluene.

QY (air) (%) QY (deg) (%) FWHM (nm) AEsr (S1-T1) (eV)* Tiav(ns) Tzav(ms)

X1 0.98 1.40 127 0.47 3.10 4.70
X4 0.46 0.55 119 0.50 1.00 2.01
X7 1.00 1.60 146 0.43 3.15 11.08

We have also investigated the influence of solvent polarity on the fluorescence emission in
solution of the three compounds, as the emission wavelength of a molecular system with a CT
emitting state generally undergoes a large red-shift as the polarity of the solvent increases.>** Fig. S8
(ESIT) displays the normalized PL spectra of X1, X4 and X7 in three different solvents. For all three
molecules, the emission maximum indeed exhibits a strong red-shift as the polarity of the solvent
increases (Fig. S8, Table S7, ESIT). The emission band of all three compounds in cyclohexane is well
resolved and structured, atypical of CT states. This indicates that the S; state has a weak CT character
in non-polar solvents, instead displaying features of localised excitons (LE character). This is due to
cyclohexane's very small solvent dipole moment that cannot stabilize efficiently a CT state. The
fluorescence in cyclohexane hence comes from a mixed LE and CT state. In the more polar toluene
and dichloromethane, a typical broad CT emission is observed for all three compounds. In those
solvents the interactions between the excited state dipole moment of the compounds and the dipole
moment of the solvent are stronger, and they promote the stabilisation of the excited CT state.

TADF properties of X1, X4 and X7 were evaluated in solution by comparison of aerated and
degassed cyclohexane and toluene emission QY (Table 1 and Table S10, ESIt). The low QYs of these
three compounds are not affected by oxygen in cyclohexane indicating that the emission arises
mostly from PF. In fact, the effect of O, quenching is particularly evident with long-lived emissive
states. Nevertheless, a negligible TADF contribution can be also detected as demonstrated by the
long-lived transient PL decay in deoxygenated solution (Fig. S10, ESIt). On the other hand, the QYs in
toluene increase more than threefold compared to cyclohexane, and increase by a further 50% in
absence of oxygen. Together with their broad emission band, this is consistent with the existence of
the long-lived excited states (such as from TADF) in toluene for these compounds.

Analysis of the transient PL decay profiles of the three compounds in degassed toluene (Table 1
and Fig. S9, S10, ESIT) further establishes the occurrence of an up-conversion phenomenon. The
transient decay profiles display two components; the first can be assigned to the prompt emission
derived from the direct S; = So transition, which has an average lifetime (t; in Table 1) of ca. 1-3 ns.
The second one is much longer lived (in the ps range; 1, in Table 1) and is assigned to the delayed
fluorescence resulting from the successive ISC and rISC up-conversion of the excitons from the T
state to the S; state, followed by fluorescence emission. We can notice that X4 presents 11 and T,
much shorter than X1 and X7, likely due to the sulphur atom inducing larger k.. A rough estimation
using QY(air) and t; shows that prompt k; is similar in the three cases (3—4 x 10° s71) while prompt kar
is much larger for X4 (9.9 x 10% s7!) than for X1 and X7 (3.1-3.2 x 108 s). The typical effect of
fluorescence quenching by heavier atoms (more vibronic states available) likely explains this
difference.

Photoluminescence of the carbazole-donor molecules (X1, X4 and X7) in solid state (PMMA, neat film,
crystal) We also investigated the photophysical properties of X1, X4 and X7 in the solid state under
three different forms (see preparation in ESIT):

¢ Molecules dispersed in PMMA films (0.1 wt%), to study the isolated molecules emission in a
rigid matrix.

¢ Neat films prepared by drop-casting of DCM solutions on a quartz slide. The neat films for all
three compounds were visually polycrystalline.



¢ As-synthesized polycrystalline powders studied in a 1 mm quartz cuvette.

Interestingly, the PL spectra of all three compounds are significantly different in the three
different forms (Fig. 5). The emission in PMMA appears as a broad featureless band for all three
compounds, indicating that it arises from a CT state. However, the emission in PMMA is blue-shifted
compared to toluene (26 nm for X1, 21 nm for X4, and 55 nm for X7). This is due to a rigidochromic
effect in PMMA, that limits rotational molecular motions and geometric stabilization of the CT
excited state which can proceed unhindered in fluid solution.
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Fig. 5 Photoluminescence spectra (in air) of X1 (a), X4 (b) and X7 (c) in PMMA (pink), in PMMA

phosphorescence (red dashed), neat film (green), neat film phosphorescence (blue dashed) and
polycrystalline powder (orange). Aexc = between 325-330 nm.

The maximum emission wavelengths of the neat film microcrystalline samples of X1 and X4 are
red-shifted with respect to the PMMA samples (Table 2), while conversely it is blue-shifted for X7.
The observed difference must arise from the presence of the tert-butyl groups in X7. Indeed, those
bulky substituents probably restrict close packing of the PMMA chains towards individual X7
molecules in PMMA, providing spatial freedom for geometry relaxation in the excited state that leads
to stabilisation of the twisted CT excited state and red-shifted emission in the polymer.

Table 2 Maximum emission wavelengths and band onset for X1, X4 and X7 in PMMA, neat film and
powder (s denotes a shoulder instead of a maximum)

PMMA neat film powder

Amax(nm) EOnS(eV) Amax(nm) EOnS(eV) Amax(nm) Eons(ev)
X1 530, 575, 640s, 545,650, 705s 2.43,

530 2.74 6355 2.57 735
X4 518s,538, 575s, 546,576,

532 2.72 6395 2.56 640,700s 2.46
X7 545 2.64 512,545s,590s 2.67 500,535,583s 2.70

s =shoulder

In powders and neat films, X1 and X4 show clearly different spectra from PMMA (Fig. 5a and b).
Multiple bands are present and the emission onset is red-shifted when moving from PMMA to the
neat crystal and to the crystalline powder. This effect is particularly marked for X1, where the
emission maximum of the crystalline powder is shifted more than 150 nm with respect to PMMA.
The powder and neat film of X7 (Fig. 5¢) display narrower, blue-shifted bands compared to PMMA.
However, as the onset of the bands lies close in energy, the emission in the three forms most likely
originates from the same excited state. The freer geometry relaxation in S; for X7 in PMMA results in
its more Gaussian and redshifted emission in this host. The differences observed in X7 may also be



related to the ability of the tert-butyl groups to disrupt aggregates (e.g. dimers, excimers) that
otherwise form in X1 and X4 through r—t interactions.>®>8 Those aggregates possess a very different
photophysical behaviour from the isolated single molecules.>® The tert-butyl groups in X7 also
maintain molecular separation in the crystalline solids, and so X7 always retains properties closer to
isolated molecules.

Time-resolved photophysical properties in PMMA Photophysical properties of X1, X4 and X7
dispersed in a PMMA matrix (0.1 wt%) were further studied by time-resolved emission spectroscopy
to gain insight into the nature of the states involved in the prompt and delayed emission. All
measurements were performed using an iCCD camera and spectrograph, with individual spectra
captured at specific time delays (TD), with given integration times (IT) after pulsed laser excitation.
This technique enables simultaneous construction of decay curves with associated spectral data by
collecting several spectra with logarithmically increasing TD and IT.%° The data were collected under
vacuum at RT and under a stream of nitrogen at 77 K.

Two main material properties were typically encountered. When the emission spectra remain
constant throughout the decay, this means that the luminescence arises from the same singlet state
throughout. The observed delayed emission is due to the population of the triplet state, that up-
converts back to the singlet through rISC (TADF) or possibly by triplet—triplet annihilation (TTA). We
suggest that bi-excitonic TTA is extremely unlikely at 0.1 wt% in PMMA films, since at such a low
concentration the molecules are well-isolated from each other. On the other hand, when different
spectra are recorded over time, this means that the total luminescence comes from different states
(e.g. triplet states) at different times.

The analysis of the spectra acquired for X1, X4 and X7 in PMMA after different time delays (Fig. 6)
shows that different phenomena are occurring depending on time delay and temperature. In all
cases, there is a high-energy emission at RT and early times (450 nm, 2.3-10 ns) that is weak for X1
and X7 (Fig. 6b and d) and more intense for X4 (Fig. S11, ESIT). This emission is attributed to a locally
excited state 'LE from direct excitation and emission from the D or A moiety. At longer times, the
initial weak LE emission disappears, and after TD = 0.5 ps to 2 ps only the CT emission remains. At
this stage, the band onset remains the same, even when the time delay increases by several orders
of magnitude (TD X1 = 200 us, TD X4 = 250 us, TD X7 = 500 us). This is taken as an indication of TADF
emission for these molecules in PMMA at RT. Additional confirmation comes from the decay profiles
(Fig. 6¢, e and Fig. S11c, ESIt) that extend to 1 ms with an average lifetime of 59.5 us for X1, 53.0 ps
for X4, and 56.8 us for X7. Finally, we have investigated the intensity dependence of the DF emission
as a function of the laser excitation dose (Fig. S13, ESIt). The 100 ns to 30 us time span was analysed
and a linear slope of 0.99 + 0.01 was found. This result confirms a monomolecular process typical of
TADF (as opposed to TTA, which is a bimolecular process). The energies of the CT singlet excited
states were thus obtained from the onset of the pure CT emission (TD = 0.5-2 us) and are estimated
at ES(X1) = 2.70 eV, ES(X4) = 2.64 eV and ES(X7) = 2.63 eV respectively.
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Fig. 6 Time-resolved emission spectra at increasing delay times for X1 (a and b) and X7 (d and e) in
PMMA films, at 77 K (right) and room temperature (center). Decay curves at room temperature and
77 K for X1 (c) and X7 (f).

The 77 K spectra for all compounds show at early times a broad emission band that contains a
mixture of LE and CT contributions (Fig. 6a, d and Fig. S11a (ESIt), TD = 2.3-10.5 ns, see also
comparison of RT and 77 K spectra in Fig. S12a—-c, ESIt). At later times, a narrow band is observed,
whose onset is red shifted compared to the CT emission at RT. Emission decays (Fig. 6¢, e and Fig.
S1ic, ESIt) show a contribution in the nanosecond regime typical of PF emission and a very long
delayed emission in the millisecond regime characteristic of phosphorescence. Intermediate times
were also studied for X4 and it is possible to see a clear DF contribution. The origin of this low
temperature DF is unclear: it could be TADF (AEsr of X4 is small, vide infra), or TTA, or even a mix of
both phenomena.

The energies of the first triplet states were obtained from the onsets of the 77 K spectra with the
longest delay, corresponding to pure phosphorescence emission. They are estimated at Et(X1) = 2.58
eV, Erx(X4) = 2.50 eV and Er(X7) = 2.52 eV. Subtracting Er from Es it is possible to obtain the very
important AEsr energy gap: AEsr(X1) = 0.12 eV, AEsr(X4) = 0.14 eV and AEst(X7) = 0.11 eV. These
relatively small singlet—triplet energy gaps (less than 150 meV) explains why a long decay time typical
of TADF emission is observed at RT: the available thermal energy allows the triplet to up convert back
to the singlet.

A parameter describing convincingly the amount of TADF produced is the delayed/prompt
fluorescence ratio (DF/PF). The calculated values (Table 3) indicate that TADF is moderately active for
these compounds. This means that the rISC rate should be higher than both phosphorescence and
triplet non-radiative deactivation rates (i.e. krisc > (Koh + kne(T)). The low QYs (Table 3) indicate that the
non-radiative deactivation process are strong for these systems.



Table 3 Photophysical properties of X1, X4 and X7 in solid state®

AESl- Tg,av. T2,av Tsav.
Yo App, Aphos., DF/PF  S1/Ty, i 4

Comp_ Q PF Phos. / 1/ 1 n RT/77K RT/77K RT/77K

% nm nm eV

(%) (nm) (nm) (ev) @) (ns) (us) ms]
X1 PMMA 1.2 523 529 2.0 2.70/2.58 0.12 3.0/4.4 59.5/- -/27.8
X1 neat film 1.2 (559;8’ >80 580, 628(s) - 2.53/2.24 0.29 2.3/4.8 n.m 3.2/23.6
X1 powder 0.4 n.m. n.m. - 2.43/n.m n.m n.m n.m n.m
X4 PMMA 0.8 525 535 2.0 2.64/2.50 0.14 5.3/11.3 53.0/4.4 -/23.8
X4 neat film 0.4 542 558)1, 630 2.56/2.21 0.35 6.1/2.0 0.25/1.8 3.2/18.0
X4 powder 0.6 n.m. n.m. - E;S/ n.m n.m n.m n.m
X7 PMMA 2.0 531 546 2.7 2.63/2.52 0.11 4.5/5.5 56.8/- -/60.0
X7 neat film 0.4 504 552,592(s) 2.8 2.66/2.33 0.33 6.8/5.0 6.8/7.5 -/4.7
X7 powder 0.2 n.m. n.m. - ii?/ n.m n.m n.m n.m

2 n.m= not measured. ® Measured in air.

Time-resolved photophysical properties in X1, X4 and X7 neat films Similarly to what is observed with
steady-state photoluminescence, the time-dependent PL properties of X1, X4 and X7 polycrystalline
films are significantly different from PMMA films or toluene solutions. The steady-state emission
spectra of those neat films are composed of several bands (vide supra). Time-resolved emission
spectra and decays were collected to evaluate the origin of each peak. The emission properties of X1,
X4 and X7 at different time delays are provided in Fig. 7 and Fig. S14 (ESIT) and compared in Fig. S15

(ESIT).
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Fig. 7 Time-resolved emission spectra and decay of X1 and X7 in neat film: (a and d) time-resolved
spectra at 77 K in comparison of the steady state (st) (b and e) time-resolved spectra at room
temperature, and (c and f) decay curves at room temperature and 77 K.



For X1 the early time (2.3 ns) emission at RT is broad with a maximum at 538 nm and a shoulder
at 580 nm (Fig. 7b). However, at 77 K two resolved bands are observed at 526 nm and 560 nm (Fig.
7a). Nevertheless, the onset is quite similar (Eonset(RT) = 2.53 eV; Eonset(77 K) = 2.50 eV). At 77 K, the
blue-shifted and more resolved emission is due to the rigidochromic effect, which reduces the
degrees of freedom of molecular vibrational relaxation. At intermediate times, a red-shifted band
appears in the spectra at both RT and 77 K, located at 594 nm and 583 nm respectively. The blue
band becomes a shoulder centred at ~530 nm after 50 us at RT and 70 us at 77 K. This shoulder
extends up to the microsecond regime at RT, which indicates the presence of a very weak DF
contribution. Finally, at long delay times up to 10 ms, the RT spectra appear sharpen and peaks at
580 nm showing vibronic structure, which can be ascribed to phosphorescence. However, at 77 K the
blue shoulder disappears and only the phosphorescence remains. This indicates that the blue
shoulder is singlet emission from TTA (far more accessible in neat films compared to in dilute
PMMA), and the red band is triplet emission. Compared to the emission of X1 in PMMA, the blue
band matches well with the CT emission. The red band observed at RT at intermediate times is
observed neither at low temperature nor in the dilute PMMA films: therefore, we assume it must be
a thermally activated excimer state. This can form only at RT probably because the molecules have
more freedom to undergo some degree of geometry reorganization in S; that favours the excimer
formation.

Two characteristic averaged decay times have been extracted from the decay kinetics at RT and
77 K; (Fig. 7c): a short one at 2.3 ns (and 4.8 ns at 77 K) and a long one at 3.2 ms (and 23.6 ms at 77
K). The blue band at =530 nm is predominant at short times at both temperatures. It is thus
attributed to the prompt fluorescence of X1. More interestingly, the red band at 580—-600 nm is
attributed to a long-lived phosphorescence emission that could be observed at 77 K and RT. The
comparison of the steady-state emission and time-resolved spectra (Fig. 7a and Fig. S16a, ESIT)
shows that the structure observed in the former comes from the two time-resolved bands in the
latter, thus demonstrating that RTP is present in neat films and even in aerated conditions (for
steady-state measurements).

X4 behaves similarly to X1 (Fig. S14, ESIt). At early times (2.3 ns) the spectra at 77 K comprises
three resolved bands at 515 nm, 532 nm and 549 nm and a shoulder at 595 nm (Fig. S14a, ESIt) and
the RT emission is broad with a maximum at 542 nm (Fig. S14b, ESIt). The onset of the RT early time
emission is blue shifted by 0.1 eV compared to 77 K (Fig. S14c (ESIT), Eonset(RT) = 2.64 eV; Eonset(77 K) =
2.55 eV). At longer times, after 550 ps and 4 ms for RT and 77 K respectively, emission maxima and
onset are strongly red shifted and the early emission band completely disappears. These
characteristics indicate again the presence of phosphorescence emission both at RT and 77 K. Three
characteristic times have been extracted from the decay curves in the nanosecond, microsecond and
millisecond regimes at RT (and 77 K; Fig. S14d, ESIT): a short one at 6.1 ns (2.0 ns at 77 K), an
intermediate one at 0.25 s (1.8 us) and a long one at 3.2 ms (18.0 ms). The short time is typical of
PF. Conversely, the long one is attributed to the phosphorescence emission and the intermediate one
to DF. TADF is unlikely because of the large singlet—triplet energy gap (AEsr = 0.35 eV, Table 3) and
therefore the DF emission is ascribed to TTA. This large AEsr gap also promotes RTP by preserving a
large triplet population with low rISC rate.5>®? The clearly red shifted emission at 77 K after a delay
time of 17 ps is probably due to a mix between TTA and phosphorescence. Finally, at long delay
times (after 550 us and 4 ms for 77 K and RT respectively) a red-shifted band appears in the spectra
located at 594 nm at RT and 581 nm at 77 K. As for X1, the red band at 580-600 nm is attributed to a
long-lived phosphorescence emission that could be observed at 77 K and RT.

X7, despite its structural similarity to X1, exhibits a markedly different behaviour, resembling
more X4 (Fig. 7). Its early time (2.3 ns) emission at RT is narrower than either X1 or X4, with a
maximum at 504 nm (Fig. 7b), this does not change over 60 pus and is clearly similar to the CT
emission compared to the PMMA spectra. However, at 77 K two resolved bands are observed at 491
nm and 523 nm and a shoulder at 570 nm (Fig. 7a). The onset for both early time measurements is



quite similar (Eonset(RT) = 2.66 €V; Eonset(77 K) = 2.67 eV). This indicates that at RT a new species
dominates the radiative decay compared to 77 K. Tentatively we ascribe this to thermally activated
rotation about the D—A dihedral bond stabilising the CT state at RT but hindered at 77 K leaving
structured local emission followed by phosphorescence at long times. This all points to flattening of
the molecules in the crystal form that requires large amounts of thermal energy to force twisting of
the D—A to yield a stable CT state. At long delay times, comparison of the time-resolved emission
spectra at RT and 77 K (Fig. S16c, ESIt) reveals that the X7 neat film does not show RTP. In fact, while
at 77 K clear phosphorescence is observed with a millisecond delay time, the same does not happen
at RT where the emission ends before reaching 100 s, indicative of thermally activated non-
radiative decay.

These two observations demonstrate that X7 polycrystalline neat films emit entirely from the
same state as the single molecule, without forming emissive aggregates and maintaining DF
properties. The origin of this DF is once again unclear: it could be TADF, or TTA, or even a mix of both
phenomena. We suggest that the lack of RTP for this material is due to a different packing
environment of the X7 crystal, differing significantly from X1 and X4. Indeed, the 3,6-di-tert-
butylcarbazole is more hindered than the unsubstituted carbazole in X1 and X4. This makes X7
molecules lie more distant from each other and they are less likely to form intermolecular n—n
stacking which allow to avoid both aggregated (dimer or excimer) emissive states and ACQ in neat
films or when packed in the crystal. Several examples are reported in literature®>853-%> where bulky
substituents are used to avoid aggregation quenching phenomena, while carbazole containing
materials have been shown to form persistent dimer states.’®%® This explain why X7 maintains the
photophysical characteristics of the single molecule with only DF emission in the polycrystalline film.

Comparison of phosphorescence emission in PMMA and neat film The shape, onset and
phosphorescence maxima of X1, X4 and X7 in neat films (Fig. 5) are very different from doped PMMA
films (Fig. 5). For all compounds, the emission in PMMA is Gaussian, while the emission in neat film is
structured with vibronic features typical of phosphorescence (Fig. 5 and Fig. S17, ESIT). In PMMA,
both the phosphorescence maxima (Apu(X1) = 529 nm, Apy(X4) = 535 nm and Apu(X7) = 546 nm) and
especially the phosphorescence onset (Er(X1) = 2.58 eV, Ex(X4) = 2.50 eV and E+(X7) = 2.52 eV) are
similar for all the three compounds, thus indicating that emission probably arises from the same
triplet state. Since carbazole has a triplet energy at 3.20 eV, we can exclude this groups as
responsible for the phosphorescence of X1, X4 and X7. Therefore, we suggest that it arises from the
3LE of the as-triazine acceptor. On the other hand the phosphorescence of neat films looks similar for
X1 (Apn(X1) = 580 nm, 628(s) Nm; Eonset(X1) = 2.24 eV) and X4 (Apu(X4) = 581 nm, 630(s) nm; Eonset(X4) =
2.21 eV) and is strongly red-shifted compared to PMMA films (Fig. S17a and b, ESIt). This indicates
that the origin of the phosphorescence emission in X1 and X4 neat films is different from PMMA. We
suggest that in neat films the phosphorescence arises from the formation of a low-lying triplet
aggregated state, which is favoured by the close proximity of the molecules in the solid state. This
interpretation is also corroborated by the work of Zhongfu An et al.®®%” |n particular, they reported
three different carbazolyl-1,3,5-triazine derivatives which present a strong phosphorescence very
similar to that of our compounds. In their publication, they indicate that the phosphorescence arises
from the formation of H-aggregates. The formation of aggregates is hindered by tert-butyl groups in
X7, thus maintaining single-molecule-like emission. This is clearly indicated by the similar onset of the
PF time resolved and steady state spectra in PMMA and neat film for X7 alone.

Comparison between the photophysical properties of X1, X4 and X7 in PMMA and neat films Table 3
summarizes the spectroscopic data for X1, X4 and X7 in solid state, to provide a comparative
screening of their emission properties. We have seen so far that X1 and X4 show RTP. This is possible
because in a solid rigid medium, and in particular in crystals (close proximity and ordered array),
large-amplitude motions, collision with solvent molecules and diffusion of oxygen molecules that
occurs in solution (each of which provide efficient paths for non-radiative deactivation) are
suppressed. In organic molecules, in general, the transition between the triplet and the singlet



ground state is spin-forbidden, and so the triplet state's radiative decay rate (k/(T)) is considerably
longer than the singlet state radiative (k(S)) and all non-radiative (kn) ones. However, in our
molecules, the radiative decay rate from the triplet state becomes able to compete with non-
radiative decay processes that are considerably slowed down, even at room temperature, enabling
RTP to be observed. Furthermore, intersystem crossing that populates the lowest triplet excited state
is favored in this class of materials by the presence of n—mt* electronic transitions.®®7!

Finally, as we have shown above, both X1 and X4 exhibit RTP in neat films, contrarily to PMMA
films where they present only TADF at RT, and phosphorescence at 77 K. In contrast, X7 presents
TADF both in neat films and PMMA at RT, and phosphorescence only at 77 K. DFT calculations show
that at the So geometry, AEsr is large, because all three compounds have a rather flat structure with a
partially delocalized HOMO. On the other hand, at the S; (CT) geometry, the compounds are more
twisted and AEsr is small. Therefore, we suggest that in PMMA, which is a soft polymer, it is possible
for the compounds to undergo partial reorganization in the excited state so that AEsr decreases,
leading to TADF at RT and phosphorescence at 77 K (a temperature where the polymer is much
stiffer). However, in neat films, in addition to the formation of poly crystalline order, X1 and X4 are
more constrained, so the reorganization is not possible and a large AEst is maintained even after
excitation to S;. This means that TTA becomes favoured at the expense of slow TADF, and the
appearance of RTP at longer times. In the case of X7 the bulky tert-butyl substituents reduced
intermolecular packing and so the molecules may be able to undergo some level of reorganization,
while at 77 K the frozen environment blocks all molecular motions, leading to the observed
phosphorescence.

What we thus observe for X7 is a competition between TADF/TTA in the early DF region which
depletes the triplet population leaving only weak phosphorescence at later times. As TTA is frozen
out at lower temperatures then more intense phosphorescence is observed (further assisted by
reduced non-radiative decay). Thus, in these Cz derivatives we are observing a complex interplay
between the competition of TTA/TADF, non-radiative decay and phosphorescence. The different
effects of temperature on all these processes gives rise to the various photophysical properties of
each compound. In PMMA where TTA is ruled out through high intermolecular separation at the low
concentrations used, we see a simpler competition between non-radiative decay and
phosphorescence. In this case very slow TADF can be observed, as confirmed by the linear excitation
power dependencies found.

Conclusions

A series of seven new D-A compounds featuring a benzofuro[3,2-e]-1,2,4-triazine or a
benzothieno[3,2-e]-1,2,4-triazine moiety as the electron acceptor and carbazole, phenothiazine or
phenoxazines has been synthesized. The derivatives X2, X3, X5 and X6 comprising an azine
(phenothiazine, phenoxazine) as a donor are only weakly emissive, likely because of the existence of
a large distortion between the two subunits. On the other hand, the compounds featuring a
carbazole donor display interesting photophysical properties. TADF is observed when the molecules
are in solution or immobilized in a PMMA matrix, i.e. in the isolate state. In drop cast microcrystalline
neat films we instead observe DF in a complex competition between TTA and TADF. This
outcompetes any slow TADF and sets up a complex competition between TTA, non-radiative decay
and phosphorescence, which are highly temperature and material dependent. A full study
demonstrates that the carbazole containing X1 and X4 present crystallization induced
phosphorescence emission at room temperature in neat films indicative of greatly reduced non
radiative decay channels, while X7, which comprises a bulky 3,6-di-tert-butylcarbazole, displays only
singlet DF, indicating the strong effect these side groups have on molecular packing and
photophysical properties. The new acceptor introduced in this work can thus induce very different
and complex photophysical properties in solution and solid state with only subtle changes in their



structure, which greatly affects the competition between different photophysical decay mechanisms.
This subunit and strategy for control of photophysical properties will likely enable the development
of new efficient emissive materials in future.
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