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Large vibronic coupling between the local and charge-transfer triplet
states is required for efficient reverse intersystem crossing in TADF
compounds. This is ensured by low steric hindrance between donor
and acceptor molecular units. However, flexible molecular cores show
large conformational disorder and emission wavelength instability in
solid films.

According to the spin statistics, 75% of excitons formed in OLED
devices are of non-emissive triplet nature, limiting their efficiency.
Thermally activated delayed fluorescence (TADF) is the most
promising pathway for triplet harvesting, since TADF compounds
are cheaper and much more stable' than rare-earth metal based
phosphorescent emitters widely used for display applications. Like-
wise, TADF OLEDs already show pronounced stability” and their
external quantum efficiency (EQE) reaches exceptional values of
about 40%° similar to the benchmark devices. All this makes TADF
OLEDs perfect candidates to replace expensive phosphorescent
OLEDs for applications in flat-panel screens and lighting in near
future. The utilization of non-emissive triplet states in TADF
emitters is achieved by thermally activated reverse intersystem
crossing (rISC),* which is possible in molecular compounds with
low singlet-triplet energy (AEsr) gaps. Although several possible
molecular geometries were suggested,”> TADF emitters mostly are
constructed from single-bonded donor (D) and acceptor (A) units.
In such a geometry donor and acceptor units are twisted to nearly
orthogonal angles™® due to a steric hindrance ensuring a low
overlap of m-electron orbitals in the HOMO and LUMO and
sufficiently low AEsr. However, steric hindrance between the D
and A fragments should not be too large, as the strong restriction of
twisting of the D-A fragments may reduce the vibronic coupling
between localized (°LE) and charge transfer (*CT) triplet states,
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which is mandatory for efficient rISC,”® and reduce the rISC rate.
This requirement for a labile molecular core brings several inter-
esting and unexpected effects. In dilute solutions, minor dispersion
of D-A twist angles may be observed, having negligible effect on
excited state relaxation. However, it becomes especially important
in solid films, where molecules are frozen in conformations with a
large variation of the molecular geometry. The existence of fixed
molecular conformers in solid hosts causes the dispersion of 'CT
energies and AEsr gaps, which has great importance in TADF
properties.'® There were several reports showing that conforma-
tional disorder of a molecular structure in solid hosts causes the
temporal shifts of prompt and delayed fluorescence (PF and DF,
respectively),'®"* resulting in multiexponential DF decay with
prolonged lifetime. However, the impact of conformational
disorder on fluorescence properties, its relation to the rISC rate
and methods to reduce the disorder, despite its importance, still
are scarcely studied.

In this work we investigate the conformational disorder in solid
films of phenothiazine-pyrimidine TADF compounds and its
relation to emission properties. Compounds were designed to
have different lability of the molecular structure and different
reverse intersystem crossing (rISC) rate. A phenothiazine
electron-donor unit was selected because of its ability to form
several conformations, increasing the number of possible molecular
structure arrangements in the solid state. We show that the variation
of molecular structure rigidity of phenothiazine-pyrimidine com-
pounds has only minor impact on conformational disorder and
emission properties, while the rISC rate was found to have
crucial importance in TADF properties.

The molecular structures and synthetic routes of phenothiazine-
pyrimidine compounds PTZ-mPYR, PTZ-mPYRCI and PTZ-2mPYR
are depicted in Scheme 1. Compounds PTZ-mPYR and PTZ-mPYRCI,
designed to have different ISC and rISC rates by involving a heavy
atom effect, were synthesized by Suzuki-Miyaura coupling of
4,6-dichloro-(1a) or 2,4,6-trichloropyrimidines (1b) with boronic acid
2 in the presence of Pd(OAc),/PPh;/Na,CO; as a catalyst system in
79% and 60% yields, respectively. Compound PTZ-2mPYR, designed
to have a less labile molecular core than PTZ-mPYR, was synthesized
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Scheme 1 The synthetic routes of PTZ-mPYR, PTZ-mPYRCl and PTZ-2mPYR.
Reagents and conditions: (i) Pd(OAc), (10 mol%), PPhs (20 mol%), Na,COs aq
(6.2 equiv), glyme/H,O, Ar, 90 °C, 24 h; (i) phenothiazine, Pd(OAc), (5 mol%),
P(t-Bu)s-HBF,4 (10 mol%), NaOt-Bu (4 equiv.), toluene, Ar, 100 °C, 24 h.

by a two-step protocol. Firstly, 4,6-dichloropyrimidine 1a was coupled
with boronic acid 3 to afford 4,6-bis(4-bromo-3,5-dimethylphenyl)-
pyrimidine (4) in 80% yield. Then intermediate 4 was coupled with
phenothiazine using the Buchwald-Hartwig amination reaction
conditions to give the target PTZ-2mPYR in 73% yield. The synthetic
details and characterization of the synthesized phenylboronic
acids 2 and 3 and target compounds PTZ-mPYR, PTZ-mPYRCI and
PTZ-2mPYR are presented in the ESLf

Cyclic voltammetry analysis revealed that the energies of the
HOMO were in the range of about —5.05 to —5.12 eV and those
of the LUMO were in the range of —2.46 to —2.79 eV (see Fig. S1
and Table S1 in the ESIf for details).

DFT simulations were employed to optimize the molecular
structure and estimate S, — S,/T, transition energies for different
phenothiazine orientations (see Fig. S2 and Table S2 in the ESI}).
Two main possible molecular conformations of a phenothiazine
donor group'*™ were found, when phenothiazine is oriented
perpendicular (quasi-equatorial arrangement, QE) or parallel
(quasi-axial arrangement, QA) to the bridging phenyl group. Only
the QE conformer state was found for PTZ-2mPYR where the rotation
of the phenothiazine unit was impeded by additional methyl groups
(see Fig. S3 in the ESIT).'®' The total potential energies of all
possible conformers differed by ~30 meV (see Fig. S4 and Table S3
in the ESIt), thus all arrangements (including mixed QA-QE) may
co-exist."*'**° Different n-electron distribution patterns were found
for QA, QA-QE and QE conformers. Low overlap of electron density
in the HOMO and LUMO was found for QE conformers, while in QA
conformations remarkable overlap was observed due to the low twist
angle of the phenothiazine unit. QE and QE-QA conformers showed
the lowest S, — S; transition energies (~2.56-2.98 eV) with
negligible oscillator strengths (<0.001), however low AEsr gaps up
to 20 meV were estimated only for QE-oriented structures. QA
conformers showed remarkably larger S, — S; absorption energies
(~3.23-3.4 eV) with remarkably larger oscillator strengths (~1.01)
and AEsr gaps of about 440 meV. TADF is expected only from QE
conformers, while for QA states a negligible rISC rate is expected.

The absorption and fluorescence spectra of phenothiazine-
pyrimidine compounds were analysed in dilute solutions and
polymer films. The absorption and emission spectra in toluene
are shown in Fig. 1. The absorption spectra showed a broad peak
at 320-375 nm (with molar absorption coefficients of about
10" mol ! em ") of QA conformers (for compounds PTZ-mPYR
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Fig. 1 Absorption and fluorescence spectra of the dominant *CTqe band
of phenothiazine—pyrimidine compounds in dilute toluene solutions.
Excitation wavelength was 360 nm.

and PTZ-mPYRCI) followed by a low intensity absorption band tail
in the range of about 400-450 nm of QE states, typically for pheno-
thiazine TADF compounds**™"” and in-line with the DFT-predictions.
The fluorescence spectra of 1CTQE states, after excitation with
360 nm light, peaked in the range of 544-575 nm. Broad and
structureless spectra were of intramolecular charge-transfer (ICT)
nature. Modification of phenyl fragments with methyl substituents
enabled tuning of the FL peak energy for 40 meV due to varying
HOMO-LUMO overlap (see Fig. S2 in the ESIt),*" while the intro-
duction of Cl atom redshifted the FL peak energy of 170 meV up to
575 nm for PTZ-mPYRCIL.

The presence of different phenothiazine conformations,
predicted by DFT simulations, was shown by measuring the
fluorescence excitation spectra (see full fluorescence spectra in the
log scale in Fig. S5 in the ESIT). Three distinct emission bands were
observed for compounds PTZ-mPYR and PTZ-mPYRCI after excita-
tion with 300-350 nm light: low intensity 'LE (at about 300-400 nm)
and 'CTq, ("CT fluorescence from QA conformations) at about
400-450 nm together with very intense 'CTqg fluorescence
(*CT fluorescence of QE conformations) at 544-575 nm. Only
1CTQE emission was observed by exciting into the absorption tail
at 410-450 nm. Other phenothiazine-based TADF compounds
with a similar molecular structure also have shown fluorescence
spectra composed of peaks from QA and QE conformers'* >
and dominating 'CTq emission. In contrast, only 'LE and "CTqg
fluorescence peaks were observed for PTZ-2mPYR for all excita-
tion wavelengths, when the formation of QA conformers was
impeded by an extra methyl group.>?

'CTqa and 'CTqg emission peaks were also observed in the
emission spectra of compounds PTZ-mPYR and PTZ-mPYRCI
embedded in the PMMA host, while only 'CTqz emission was
observed for PTZ-2mPYR (see Fig. 2a and b and Fig. S6 in the ESL
black curves). Emission energies were slightly blueshifted in respect
of toluene due to the lower dipole moment of PMMA. Singlet-triplet
energy gaps between 'CTq and °LE states were estimated to be in
the range of 151-187 meV, small enough to observe thermally
activated rISC*' (see Fig. S7 in the ESIf). AEg gaps for QA con-
formers were too large for triplet upconversion. The presence of
TADF was showcased by the temperature activation of delayed
fluorescence (see Fig. S8 in the ESIT) and by comparing time-
integrated fluorescence (TIFL) spectra in oxygen-sufficient (O,")
and deficient (O, ) ambient environments (see Fig. 2c and d and

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a and b) Time-integrated fluorescence spectra of 1 wt’% PMMA
films of PTZ-mPYR and PTZ-mPYRCI, respectively, in oxygen-sufficient
(O,*, black lines) and oxygen-deficient (O,~, red lines) surroundings.
(c and d) Time-resolved fluorescence spectra of 1 wt% PMMA films of
PTZ-mPYR (c) and PTZ-mPYRCIL (d) in O, surrounding. Numbers close to
Fl spectra denote delay times (1.25 ns for black lines, 260 ns for yellow
lines, 40 ps for dark blue lines and 48.5/88.4 ms for the last spectrum).
Vertical lines are guides for eyes.

Fig. S6 in the ESIt). TIFL intensity remarkably increased due to
the weakened triplet state quenching by oxygen. Along with that, an
unexpected effect was observed. The fluorescence peaks of com-
pounds PTZ-mPYR and PTZ-2mPYR were redshifted for about
150 meV upon oxygen removal and TADF enhancement, while for
PTZ-mPYRCI the emission peak energy remained the same.

The nature of such intriguing behaviour was revealed by
analysing the temporal evolution of fluorescence spectra (see
Fig. 2(c and d) and Fig. S6 in the ESIt). Emission peak energy was
found to be time-dependent. Initially, the redshift was observed
during the first 250-300 ns, followed by a blueshift later.
The observed fluorescence shifts are caused by conformational
disorder, the concept of which was elegantly introduced by
Northey et al'® and experimentally observed by others.**™3
Briefly, flexible donor-acceptor cores of TADF compounds are
“frozen” in solid films with different twist angles between donor
and acceptor fragments inducing the dispersion of 'CT energies
and AFEgr values. Conformations with the largest 'CT energies
have the largest oscillator strengths, and thus are expected to
emit first, inducing a gradual redshift of PF. For DF, the opposite
trend is observed due to exponential rISC rate dependence on
AEgy: conformations with the lowest "CT energies and smallest
AEgr gaps will emit first, inducing the gradual blueshift of TADF
spectra. In our case, only 'CTqg fluorescence with pronounced
CT characteristics was affected by conformational disorder. In
ambient air (see Fig. S9 in the ESIt), the estimated redshift of the
'CTqe peak varied in the range of 280-380 meV (280 meV,
340 meV and 380 meV for PTZ-mPYRCI, PTZ-mPYR and PTZ-
2mPYR, respectively), while the largest blueshift was estimated
for PTZ-mPYRCI (110 meV) and for the rest of the compounds the
blueshift was remarkably lower (40 meV for both PTZ-mPYR and
PTZ-2mPYR). Under O,  conditions, the temporal evolution of
prompt fluorescence was the same as in ambient air, however
the delayed emission showed enhanced intensity at the latest
delays (see Fig. S10 in the ESIf) followed by enlarged blueshift.
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View Article Online

Communication

The largest blueshift in ambient O, was estimated for PTZ-
mPYRCI (130 meV), which was almost the same as in ambient
air. For PTZ-mPYR and PTZ-2mPYR, the blueshift was larger than
in ambient O," (80 meV and 60 meV, respectively), however it still
was markedly smaller than for PTZ-mPYRCL. In this way, the TIFL
spectra of prompt and delayed emission peaked at different wave-
lengths in ambient O," and O, for PTZZmPYR and PTZ-2mPYR.

To find out why we observe a weaker blueshift for PTZ-mPYR
and PTZ-2mPYR than that for PTZ-mPYRCI, fluorescence decay
transients were analysed (see Fig. 3). Firstly, O,  toluene
solutions were analysed in order to estimate the ISC and rISC
rates. Double-exponential decay of prompt and delayed fluores-
cence at the 1CTQE peak was observed. TADF lifetime was
comparable for PTZ-mPYR and PTZ-2mPYR (11 and 6 ups,
respectively), while for PTZ-mPYRCI it was remarkably shorter,
reaching 1.1 ps. Such short TADF lifetime is comparable to the
benchmark values.”® The most rapid TADF decay was followed
by the largest delayed fluorescence/prompt fluorescence intensity
(DF/PF) ratio of 1.2 for PTZ-mPYRCI, while for PTZ-mPYR and
PTZ-2mPYR it was remarkably lower (0.3 and 0.03, respectively).
TADF dominated in the emission of PTZ-mPYRCI while for
PTZ-mPYR and PTZ-2mPYR the TADF intensity was lower despite
almost the same AEsr gaps. TADF enhancement in PTZ-mPYRCI
was promoted by an internal heavy atom effect, enhancing spin-
orbit coupling constant, crucial for intersystem crossing (ISC) and
1ISC.** The estimated TADF parameters are listed in Table S4 in the
ESL+ The enhanced spin-orbit coupling for PTZ-mPYRCI resulted in
the most rapid rISC rate, which reached 2 x 10° s—', about 12-17
times larger than for other compounds. The least efficient TADF for
compound PTZ-2mPYR could be related to the restricted twisting of
the phenothiazine donor fragment, which was shown to be the
reason for a negligible rISC rate in similar phenothiazine-based
TADF emitters’ due to decreased coupling of *LE and *CT states,
crucial for efficient TADF.”

Fluorescence decay transients of PMMA films at the domi-
nant 'CTqg peak showed different properties as compared to

Toluene ¥
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Fig. 3 Normalized CTqe fluorescence decay transients of phenothia-
zine—pyrimidine compounds in toluene (a) and 1 wt% PMMA films (b). Blue
lines are biexponential fits.
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dilute solutions. The decay of PF was rather typical however the
DF decay was multiexponential with remarkably prolonged life-
time due to the conformational disorder. It resulted in tremen-
dously enhanced DF/PF ratios of up to 33.5 (11.8, 8 and 33.5 for
PTZ-mPYR, PTZ-mPYRCI and PTZ-2mPYR, respectively). Due to
the multiexponential decay profile the TADF decay time and the
rISC rate could hardly be correctly evaluated for compounds
with such large conformational disorder, however it is clear that
PTZ-mPYRCI still showed the most rapid TADF decay.

As we can see from the previous results, stable emission in
PMMA films was observed for PTZ-mPYRCI with the fastest
TADF decay. In this case, the TIFL spectra of delayed fluores-
cence in both ambient O," and O, were very similar, thus no
noticeable shift of the total TIFL spectrum after oxygen removal
was observed. In contrast, the latest delayed fluorescence was
missing for PTZ-mPYR and PTZ-2mPYR even under O,  conditions,
which was completely suppressed by unknown quenchers. The lack
of DF from the conformers with the largest 'CT energy disturbed the
high-energy shoulder of the TIFL spectrum, resulting in a redshift of
its peak. Interestingly, the enhanced rigidity of the PTZ-2mPYR
molecular core did not reduce the conformational disorder (for all
compounds the redshift was rather comparable) and TIFL peak
shift. Probably more sophisticated methods should be used to
reduce the lability of such phenothiazine-pyrimidine cores. Another
possible pathway to achieve low conformational disorder and stable
emission wavelength for TADF compounds with slow TADF decay
and flexible molecular cores is to use more rigid polymer or small-
molecule hosts, impeding the conformation of molecular cores."

In summary, three phenothiazine-pyrimidine TADF com-
pounds with different molecular geometries were synthesized
and comprehensively analysed by time-resolved spectroscopy.
All compounds showed pronounced conformational disorder
governing their emission properties. TADF efficiency and the
rISC rate were altered by introducing heavy atoms due to
enlarged spin-orbit coupling. A 150 meV redshift of the emis-
sion peak in solid films was observed after oxygen removal for
compounds with a low rISC rate, while no shift was seen for
compounds with rapid rISC. Such unusual behaviour was
caused by the quenching of the long-lived DF bearing the
largest 'CT energy even in ambient O, , resulting in the loss
of the high-energy shoulder of TIFL spectra. Only minor
quenching of the latest delayed emission and no noticeable
shift of the TIFL spectrum were observed for compounds with
rapid rISC. Our results showcase the importance of the large
rISC rate in the TADF properties. We have shown that the
emission energy of TADF compounds in solid films may
depend not only on the conjugation length, but also on some
unexpected parameters, such as the rISC rate or molecular core
rigidity. This should be taken into account while designing
novel TADF compounds.
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