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Abstract

The desire to boost the reverse intersystem crossing rate and obtain thermally activated delayed
fluorescence with sub-microsecond lifetime fosters the search of novel concepts of molecular
geometry. Recently, TADF compounds made of acridine, tetramethylcarbazole and triphenylamine
donor and triphenyltriazine acceptor units bound by hyperconjugated spacer unit were introduced as
having very rapid double TADF decay. Here we present an in-depth time-resolved fluorescence
analysis of these intriguing donor-c-acceptor TADF compounds in various surroundings. Extremely
weak coupling of electron-donating and electron-accepting units was found for the o-bridged TADF
compounds, resulting in the coexistence of intramolecular and exciplex fluorescence, which interplay
allowed to tune the emission properties. The initial fluorescence decay in toluene solutions,
previously attributed to rapid TADF, was shown to be the prompt intramolecular fluorescence with
prolonged fluorescence lifetime, susceptible to molecular oxygen. Only the later delayed fluorescence
at the microsecond time-scale, originating from the exciplex states, was attributed to TADF. On the
contrary, the dominant intramolecular TADF was observed in diluted PMMA films with weaker non-
radiative decay. The smooth transition from intramolecular to exciplex TADF was observed by
increasing the doping concentration of polymer films. DF/PF ratio was found to increase with the
increasing doping concentration due to emergence of additional exciplex TADF until the 20 wt%
doping load, when the concentration quenching emerged at the larger doping ratios. The presented
findings showcase the unusual fluorescence properties of TADF compounds with weakly bound

donor and acceptor units and are important for the future design of novel TADF compounds.
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Introduction

Organic light emitting diodes (OLEDs) are highly attractive for lighting and display applications
due to unmatched contrast ratio, lightness and flexibility. The long history of OLED science, dating
back to the report by Tang and Van Slyke!, mostly was devoted to the improvement of external
quantum efficiency (EQE), which was limited by the dark triplet states. Singlet exciton yield of
electrically injected charge carriers for the 15 generation fluorescent OLEDs is only 25%, limiting its
external quantum efficiency (EQE) for up to about 5%. Later, a new class of phosphorescent emitters,
employing internal heavy atom effect was introduced?. The involvement of heavy rear-earth atoms,
e.g., iridium, resulted in the remarkable enhancement of the spin-orbit coupling, converting all
excitons to short-lived triplet ones. This strategy allowed to reach 100% internal quantum efficiency
(IQE) and EQE of 20% for phosphorescent OLEDs?. However, phosphorescent compounds,
especially the blue emitters, suffered from instability. Moreover, the requirement of rear-earth metals
increased the cost of the device and raised the concerns for their toxicity. Stability and high-cost
issues were solved by introducing the 3™ generation all-organic emitters employing thermally
activated delayed fluorescence*>. In this case, molecular compounds are designed to have low singlet-
triplet energy splitting (AEst) when the triplet excitons are thermally assisted to perform reverse
intersystem crossing with internal quantum efficiencies up to 100%°. Several different approaches
for the realization of low AEgt were suggested: minimization of the exchange interaction by using
donor-acceptor molecular compounds?, utilization of multiple resonance effect® or by employing the
excited-states®!?. Yet, the donor-acceptor core still is the mostly used TADF design. In this case an
efficient reverse intersystem crossing (rISC) is achieved by minimizing the exchange energy (J),
which is directly proportional to HOMO-LUMO overlap!! and ensuring strong vibronic coupling
between the localized (°LE) and charge-transfer (3CT) triplet states!?!3. The low HOMO-LUMO
overlap is attained in compounds constructed of electron-donating (D) and electron-accepting (A)
molecular fragments with balanced steric hindrance, having pronounced charge-transfer (CT)
character and non-negligible radiative recombination rate.

The same concept based on the minimization of AEgsr by reducing the HOMO-LUMO overlap
was utilized in exciplex emitters'®!3, composed of electron-donating and electron-accepting
molecular materials. Though the low AEgr in exciplex systems can be realized more easily due to
intermolecular nature of charge transfer and rather efficient exciplex-based OLEDs with EQE
approaching 20% have been presented!®, the efficiency of exciplex TADF highly depends on the
distance between donor and acceptor fragments'” which is difficult to control. This strongly
complicates the applications of exciplex TADF OLEDs. To overcome the shortcomings of exciplex
TADF, a novel strategy was suggested. In this case donor and acceptor units were bound in a close

proximity (e.g. several A) with the conjugated' or non-conjugated!®2? spacers utilizing
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intermolecular through-space charge transfer. Rather efficient exciplex TADF can be achieved with
the fluorescence quantum efficiencies (®g) up to about 60% and EQE up to about 12%. Another
promising pathway for similar “fixed” exciplex systems is to employ hyperconjugation®*?4, which
allows to bound two separated m-conjugated electron systems. Recently, we have suggested a novel
donor-o-acceptor geometry utilizing hyperconjugation effect to obtain TADF?. Several donor units
were bound to triphenyltriazine acceptor fragment by hexafluoroisopropylidene spacer unit. In this
case, the hyperconjugation between the donor and acceptor moieties ensured very low HOMO-
LUMO overlap, low AEgy together with the intramolecular nature of CT. DFT-estimated oscillator
strengths were very low (in the range of 0.0008 — 0.0054), typical for weakly interacting donor and
acceptor systems. Dual TADF decay was observed, one of which was very rapid with lifetime of only
200-400 ns which is one of the lowest ever reported?®. Successful realization of TADF with sub-
microsecond lifetime in similar hyperconjugation-based compounds could open new possibilities for
realization of highly efficient OLEDs with low roll-off?’.

Inspired by the intriguing TADF properties of donor-c-acceptor TADF compounds with sub-
microsecond lifetime?3, here we performed the comprehensive time-resolved fluorescence study of ¢
bridged TADF compounds with dual upconversion in various surroundings. Analysis of viscosity,
concentration and temperature-dependent fluorescence spectra of TADF compounds in dilute
solutions, dilute polymer and neat films revealed the interplay of two different CT states, decaying
on different time-scales. Molecular concentration and ambient viscosity was shown to tune the
emission type, intramolecular or intermolecular CT or even from both types simultaneously.
Intramolecular TADF was observed only in diluted polymer films, while the coexisting exciplex

emission was shown to be of TADF nature in solutions and films at high doping concentration.

1. Experimental details

Photophysical properties were measured in 1.2x10° M toluene solutions, PMMA
(poly(methylmethacrylate)) films with variable doping concentration (1 — 100 wt %) and neat films.
The analysis of !CT), state was also performed in 1x10* M toluene solutions. The PMMA films were
prepared by dissolving compound and PMMA at appropriate rations in toluene and then drop-casting
at room temperature on a quartz substrate. Neat films were prepared from 5 mg/ml toluene solution
by spin-coating at 800 rpm for 1 min and finalizing with 8 min of 4000 rpm to accelerate the
evaporation of toluene. To modify the viscosity of toluene, PMMA polymer was added into solution
in different proportions?. The absorption spectra were measured by UV-Vis-NIR spectrophotometer
Lambda 950 (Perkin Elmer). Steady-state emission spectra were recorded by CCD spectrometer
PMA-11 (Hamamatsu) coupled with a CW xenon lamp (FWHM < 10 nm). Fluorescence quantum

yields (®r) were obtained by using the integrating sphere method?. Time-resolved fluorescence
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spectra, fluorescence decay transients and phosphorescence spectra were obtained by using
nanosecond YAG:Nd3" laser NT 242 with optical parametric generator (Ekspla, excitation
wavelength 300 nm, pulse duration 7 ns, repetition rate 1 kHz, 50 nJ/pulse fluence) and time-gated
intensified CCD camera iStar DH340T (Andor) with spectrograph SR-303i (Shamrock).
Phosphorescence spectra were measured at 10 K temperature after 100 ps delay with 890 ps
integration time. Fluorescence decay transient measurements were performed by exponentially
increasing delay and integration time as described in ref.3? This allowed to record up to 10 orders of
magnitude in time and intensity of the photoluminescence decay. Five repetitive freeze—pump—thaw
cycles were used to deoxygenate toluene solutions. Polymer samples were mounted in closed cycle
He cryostat (Cryo Industries 204N) for both oxygen-saturated and oxygen-free (at 1x10* Torr
pressure) measurements. Temperature dependent measurements were performed in the same closed

cycle He cryostat.

Results and Discussion
Materials and steady-state spectroscopy analysis of diluted solutions

Three TADF compounds of donor-c-acceptor structure were analyzed. Planar triphenyltriazine
fragment was used as an electron-acceptor unit while dihydroacridine (1), tetramethylcarbazole (2)
and triphenylamine (3) were selected as electron-donating units with different electron-donating
strengths?!. Hexafluoroisopropylidene was used as a o-spacer. Synthetic details, initial DFT
calculations and brief analysis of fluorescence properties were reported elsewhere? and is briefly
reported in this chapter, while the thorough spectroscopic analysis will be presented in the following

chapters.

Fig. 1 Chemical structures of donor-oc-acceptor
compounds 1-3.

Absorption spectra peaked below 300 nm with weak absorption of intramolecular charge
transfer (ICT) origin at about 300-370 nm, observed for all compounds, in-line with the DFT
predictions®. Negligible oscillator strengths of 0.0008, 0.0012 and 0.0054 were simulated for
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compounds 1-3, respectively. Fluorescence spectra of toluene solutions peaked in the range of 437 —
463 nm. Broad and structureless spectral lineshape indicated its charge-transfer nature. Locally
excited ('LE) state emission at about 360 nm was clearly observed for compound 2, originating from
tetramethylcarbazole donor unit®®, while for the rest of compounds 'LE intensity was lower. Low-
temperature phosphorescence spectra of toluene solutions (LTPh) were of ’LE nature with the lowest
energy vibronic replicas peaking at 415-419 nm. Singlet-triplet energy gaps (AEgt) of 0.06, 0.07 and

0.18 eV were estimated for compounds 1, 2 and 3, respectively?>.

Excited state relaxation in diluted solutions

Fluorescence decay transients of donor-c-acceptor compounds 1-3 at CT emission peak in
oxygen-free (-O,) toluene followed double-exponential decay (see Fig. 2). Initially, fluorescence
decayed with lifetime of 37-470 ns (tg.;), followed by the later slower decay with lifetime (tg;) of
0.45-10 ps (see Table 1 for details). The presence of oxygen strongly quenched both CT fluorescence
bands. Both fluorescence decays in -O, toluene, the fast and the slower one, was attributed to TADF
in the initial analysis®. Fluorescence quenching by oxygen and TADF intensity activation by

temperature were used as the proof. However, the nature of both decays is more complex.
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Fig. 2 Normalized fluorescence decay transients of donor-
o-acceptor compounds 1 (a), 2 (b) and 3 (c) in oxygen-
saturated (+O;) and oxygen-free (-O,) toluene solutions.

Fractional intensities of initial and delayed fluorescence in
-0, conditions are also noted.

The initial decay with lifetime of 37 — 470 ns could also be of prompt fluorescence. This could
not be surprising for weakly coupled D-0-A compounds with low HOMO-LUMO overlap and

negligible oscillator strengths. The lowest oscillator strength was estimated for compound 1 with the
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largest tr;; while the lowest — for compound 3 with the largest oscillator strength. AEst and TADF
lifetime also depends on the HOMO-LUMO overlap!! (thus the oscillator strength) and more rapid
TADF decay should be observed for compounds with smaller AEst The lowest singlet-triplet energy
gap was estimated for compounds 1 and 2 (60 and 70 meV, respectively), while for compound 3 it
was remarkably larger (180 meV). However, an opposite trend was observed. As we can see, Tg | was
the longest for compound with the lowest AEgr and it was the shortest for compound with the largest
AEgr. Such trend is on the opposite of what we could expect for TADF, but in-line with the trend for
prompt fluorescence: the longest tr; was observed for compound 1 with the strongest
dihydroacridine donor unit?>-3! and the lowest oscillator strength, while the shortest T ; was observer
for compound 3 with the weakest triphenylamine donor unit and the largest oscillator strength. This
prompt fluorescence was shown to be susceptible to molecular oxygen. This is rather unusual,
however singlet states has been shown to be sensitive to molecular oxygen3?-34, Our donor-o-acceptor
compounds with especially long prompt fluorescence lifetime could be even more prone to the

quenching by molecular oxygen.

Table 1 Fluorescence data of donor-c-acceptor compounds 1-3 in oxygen-free toluene

TrL TrADF d
(s (usy U
1 470 45  0.03
2 250 10 0.015
3 37 045  0.002

2 Fluorescence decay time of initial fluorescence.
bFluorescence decay time of delayed fluorescence
¢ Time-integrated delayed and prompt fluorescence intensity ratio.

To analyze the nature of the initial fluorescence, temperature-dependent measurements of
fluorescence transients were performed in dilute toluene (see Figs. S6 and S7 in ref.?%) and the
decrease of tr; was observed at larger temperatures, typically for TADF. However, when the
compounds were embedded into PMMA polymer films (see Fig. 3), the lifetime and the intensity of
the initial decay was insensitive to the temperature. Toluene has melting point of 178 K, therefore it
remained in liquid state in the temperature range of 300-200 K, therefore the variation of the non-
radiative recombination rate upon the temperature decrease was not neglected. The impact of non-
radiative decay was strongly suppressed in rigid polymer film, when no thermal activation were be

observed, typically for prompt fluorescence.
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Fig. 3 Initial fluorescence decay transients of 1wt%
PMMA films of compounds 1-3.

The decay time of the later fluorescence, observed at microsecond time-scale, was 4.5, 10 and
0.45 ps (an approximate value due to the low emission intensity) for compounds 1, 2 and 3,
respectively. In this case, the second decay component followed the TADF-like behavior: its lifetime
was lower for compounds with lower AEgr and the DF/PF ratio was larger for compounds with lower
AEgt (see Table 1).

To conclude, the initial fluorescence decay could hardly be attributed to TADF. The
experimental evidences show its non-TADF nature. Only the later fluorescence, observed at the

microsecond time-scale, can be attributed to TADF.

Two charge-transfer states in dilute solutions

Time-integrated fluorescence spectra (TIFL) of compounds 1-3 in toluene® showed only one
dominating CT fluorescence band with double-exponential decay profile. On the contrary, time-
resolved fluorescence spectra (TRFL) analysis (see Fig. 4) revealed the presence of more complex
structure of emission spectra. Two CT fluorescence spectra were observed at the different time-scale.
Initially, the first CT fluorescence band (!CT;) was observed at about 445 — 465 nm up to about 4 ps,
2 ps and 0.5 ps for compounds 1-3, respectively. At the later delays, the second CT fluorescence band
('CT,) clearly emerged peaking at about 475 — 505 nm (see Fig. S1 in ESI). Some long-wavelength
shoulder of fluorescence spectra, extending up to 600-650 nm was observed for all compounds even
at the lowest delay times, showing that the weak second CT state probably is formed after the
photoexcitation, but is overwhelmed by fluorescence of the !CT; state. 'CT, emission was more
susceptible to oxygen quenching than that of 'CT) states (see Fig. S2 in ESI). Since the prompt and
delayed fluorescence are observed at different wavelengths, the true TADF transients at the larger
delays are those obtained at the 'CT, peak (see Fig. S3 in in ESI). An enhanced TADF intensity was

observed (up to about 5-6 times) with the same lifetime.
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The nature of both CT states needs further analysis. Clearly, both emission bands are of CT-
nature and their peak energies depends on the strength of donor unit: stronger the donor, the more
redshifted the emission wavelength. The energy difference between the CT bands was 240, 220 and
160 meV for compounds 1-3, respectively. The second emission band, which clearly emerges only at
the later delays, could originate from, e.g., dynamic molecular conformer states, emerged after the
reorganization of molecular structure®® or exciplex states3®, formed between the donor and acceptor
units from separate molecules after diffusion at long time-scale.

To test the nature of the second CT state, fluorescence decay transients of compound 1 were
measured in “O, toluene solutions with adjustable viscosity (see Fig. 5 and experimental section for
the details). More viscous toluene surrounding had weak effect on the prompt emission, slightly
decreasing its decay time from 470 to 280 ns, while the increased viscosity strongly quenched TADF
when the DF/PF ratio decreased from 0.15 to 0.003 (see Table 2). The decrease of prompt
fluorescence lifetime could be related with the changes of non-radiative decay rate. It is clear, that
TADF intensity is weakened in viscous surrounding, however still it is not clear, whether the
quenching of delayed emission was due to the impeded reorganization of molecular structure or

slowered molecular diffusion and thus the lower contribution from exciplex states.
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Fig. S5 Fluorescence decay transients of compound 1 at
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Table 2 Photoluminescence decay constants of compound 1 at !CT), peak in toluene with different

viscosity.
PMMA
. DF/PF Tict1  TicT2
concentration ratiob (ns)° (ps)d
(g/h?

0 0.18 470 4.5

25 0.03 320 2.8

250 0.003 280 1.25

2 PMMA polymer concentration in oxygen-free toluene.

b Intensity ratio between time-integrated delayed and prompt fluorescence spectra.
¢ Fluorescence decay time of CT) state (prompt fluorescence).

4 Fluorescence decay time of CT, state (TADF).

The presence of exciplex states was revealed by comparing TADF properties of 1.2x10- and
1x10** M toluene solutions of compound 1 (see Fig. 6). The lineshape of fluorescence spectra clearly
was concentration dependent (see Fig. 6 a), when the emission peak was redshifted from 475 nm to
485 nm upon the concentration increase. As we know from the analysis of time-resolved fluorescence
spectra (see Fig. 4), the time-integrated emission spectrum is formed of two distinct fluorescence
bands of CT; and CT, states, peaking at about 465 nm and 505 nm (for compound 1). Increasing the
concentration of compound 1 in toluene clearly enhances the emission intensity from 'CT, states and,
therefore, shifts the peak of total emission spectrum to the longer wavelengths. The similar trend was
observed for fluorescence decay transients, obtained at 'CT, emission peak (see Fig. 6 b). Here we
can see, that the increased concentration of compound 1 in toluene solutions enlarged the intensity of

the later decay part, attributed to exciplex TADF, increasing DF/PF ratio from 0.18 to 0.49.
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Fig. 6 a) Normalized time-integrated fluorescence spectra
of compound 1 in 1.2x10° M (solid line) and 104 M
(dashed line) oxygen-free toluene solutions. b)
Fluorescence decay transients of compound 1 in 1.2x10-
>M (open symbols) and 10* M (closed symbols) oxygen-
free toluene solutions at !CT, peak.

Clearly, viscosity and concentration-dependent measurements of fluorescence spectra supports
the prediction that the second CT state is of exciplex nature. It may look quite unusual to observe
exciplex emission in solutions with concentration as low as 1x10-> M, however the exciplex emission
can be successfully observed in various diluted solutions of molecular compounds, especially for
those containing large and planar units’’#° as in our o-bonded D-A compounds. Additionally,
exceptionally slow fluorescence decay should be beneficiary for the observation of exciplex emission
in solutions, when the probability of two molecules to meet each other before the recombination is
greatly enhanced. Obviously, the most intense intermolecular TADF was observed for compound

with the longest intramolecular fluorescence lifetime (see Fig. 2).

Suppression of the exciplex states in polymer films

For the further analysis of exciplex formation, compounds 1-3 were incorporated into rigid
PMMA polymer matrix at low concentration. In this case, emission should originate only from
isolated molecules, molecular diffusion is strongly impeded by the rigid polymer ambient. Time-
integrated fluorescence spectra of 1 wt% PMMA films of compounds 1-3 are shown in Fig. 7 a.
Emission spectra were very similar to those of dilute solutions, showing the dominating
intramolecular CT emission peaking at 460, 455 and 445 nm for compounds 1-3, respectively. Weak

emission, related with the electron-donating unit, was clearly observed for compound 2.

10
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Fig. 7 a) Normalized time-integrated fluorescence spectra of 1 wt% PMMA films of donor-c-acceptor compounds 1-3.
Dashed lines are guides for eyes. b) Normalized fluorescence decay transients of 1 wt% PMMA films of donor-c-acceptor
compounds 1-3 in in —O, conditions. Dashed lines denotes the initial intensity of delayed emission and delay time when the
delayed emission emerges. ¢) Time-resolved fluorescence spectra of 1 wt% PMMA films of donor-c-acceptor compounds
1-3 in —O, conditions. DT denotes the initial and the latest delay times. A;, A, and A; represent emission peak wavelengths
of initial, the most redshifted and the latest emission spectra, respectively.

Fluorescence decay transients of 1 wt% PMMA films of compounds 1-3 are shown in Fig. 7
b. Fluorescence decay followed the same trend as in toluene solutions, when two decay components
were observed (see Fig. S4 in ESI). However, fluorescence decay profiles were multiexponential,
indicating the existence conformational disorder, typical for TADF compounds*~#4. Although the
exact lifetime of prompt and delayed emission could not be evaluated due to the multiexponential
nature, it is clear, that the prompt fluorescence showed the same trend as in toluene solutions, when
the slowest prompt fluorescence decay was observed for compound 1 and the most rapid — for
compound 3. For delayed emission, no clear trend was observed. The delayed fluorescence was
quenched by oxygen (see Fig. S5 in ESI), typically for TADF. Temperature-dependent fluorescence
decay transient measurements also supported our assumptions (see Fig. S6 in in ESI). The intensity
of initial fluorescence and its lifetime was insensitive to temperature. On the other hand, the delayed
emission showed temperature activation, typically for TADF. TADF intensity was remarkably
enhanced in polymer film, when the DF/PF ratios increased up to 1.08, 0.92 and 0.6 for compounds
1, 2 and 3, respectively. This was resulted by the lowered non-radiative decay in more rigid
surrounding and due to the presence of conformational disorder®.

The analysis of time-resolved fluorescence spectra of compounds 1-3 embedded in 1 wt%

PMMA films (see Fig. 7 c) revealed the presence of the temporal shifts of emission peak due to the

11
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dispersion of AEsr, typical for TADF in solid surrounding*'~#. Initially, the redshift of CT; state of
about 210-480 meV was observed for about 0.5-4 ps, while at the later delays the blueshift emerged.
The blueshift was comparable for all compounds (~100 meV), while the lowest redshift was observed
for compound 2 with sterically-fixed tetramethylcarbazole donor unit. As it was expected, the 'CT,
state was totally suppressed in polymer films, again confirming its exciplex nature. Both fluorescence
decay components, prompt and delayed, originated from the intramolecular 'CT; state. The non-
radiative decay, especially through the internal conversion, is remarkably weakened in rigid polymer

ambient, allowing to observe the delayed emission from the intramolecular states.

Exciplex states in neat films

At the final stage, the emission properties of neat films of donor-o-acceptor compounds 1-3

were analyzed (see Fig. 8).
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Fig 8 a), b) and ¢) Normalized time-integrated fluorescence spectra of 1 wt% PMMA films (red lines), 1.2x10° M
toluene solutions (black lines) and neat films (blue lines) together with fluorescence spectra of 'CT, state in toluene
solution of donor-c-acceptor compounds 1-3 in oxygen-free conditions. Vertical lines are guides for eyes. d), e) and f)
Normalized fluorescence decay transients of 1 wt% PMMA films (red figures), 1.2X10-> M toluene solutions (black
figures) and neat films (blue figures) of donor-c-acceptor compounds 1-3 in oxygen-free conditions.

As we can see from the Fig. 8 a, time-integrated fluorescence spectra of the neat films of
compounds 1-3 were redshifted for about 140-190 meV in respect of 1 wt% PMMA films and 180-
200 meV in respect of 1.2x10° M toluene solutions and peaked at 495, 482 and 470 nm for
compounds 1, 2 and 3, respectively. The redshift of emission wavelength in neat films is rather
frequent effect for both fluorescent and TADF emitters*4¢ and usually occurs due to the
intermolecular interactions or solid state solvation. However, solid state solvation occurs with smaller

magnitude due to lower rotation ability of molecules and almost exclusively only after the inclusion

12
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of additional dopants with large ground-state dipole moment*>#748, Usually the shift of emission peak
with increasing doping concentration occurs due to the enhanced intermolecular interactions**°. In
our case, the TIFL spectra of neat films of compounds 1-3 were found to coincide quite well with the
fluorescence spectra of 'CT, state from toluene solutions (see blue and green lines in Fig. 8 a),
attributed to the emission of exciplex states. Weak exciplex emission, observed in toluene solution,
dominated in the neat films. This is not surprising, since the formation of excimer states should be
enforced in tightly-packed molecular environment of neat films?*°, Low-temperature
phosphorescence spectra of compounds 1-3 were of different nature. If LTPh spectra in toluene
contained clear vibronic progression, typical for 3LE states (see Fig. 2 in ref.2’), LTPh spectra of neat
films were structureless, indicating its intermolecular CT nature?* (see Fig. S7 in ESI). AEgr of 60
and 90 meV was estimated for compounds 2 and 3, respectively. Surprisingly, the negative AEgr of -
40 meV was estimated for 1, probably due to the impact of the remaining phosphorescence from the
intramolecular states.

Time-resolved fluorescence spectra of neat films of compounds 1-3 are shown in Fig. S8 in
ESI. The presence of conformational disorder was observed. Initially, the redshift of emission spectra
from about 460 nm to 490 — 510 nm was observed. No subsequent blueshift of emission peak was
observed, probably due to the quenching of the latest delayed emission at the defect sites®.
Fluorescence decay transients of neat films of compounds 1-3 at !CT, peak are shown in Fig. 8 d-f,
along with emission decay transients of 1.2X10~ M toluene solutions and 1 wt% PMMA films.
Double-multiexponential decay was observed, when the initial decay of prompt fluorescence
reassembled that of 1 wt% PMMA films, while the later decay was rather similar to that of toluene
solutions (except the compound 3). For compound 3, no clear TADF were observed. As we have
already seen, the initial prompt fluorescence was strongly perturbed by conformational disorder, thus
its decay was very similar to that of 1 wt% PMMA films. The later TADF emerged only from the
lowest-energy conformer states, when the higher-energy emission was quenched, therefore the TADF
decay in neat films was less perturbed by the conformational disorder and more similar to that in
toluene solutions. The fractional TADF intensity was remarkably enhanced in the neat films (except
the compound 3) due to the larger number of TADF-active exciplex states. The DF/PF ratio for neat
films was 1.63 and 1.44 for compounds 1 and 2, respectively.

The delayed fluorescence of neat films of compounds 1 and 2 showed strong activation by
temperature (see Fig. S9 in Supporting Information), typically for TADF. No delayed emission was
observed at 10 K, only the decay of phosphorescence after about 10 ps. For compound 3, the
enhancement of prompt fluorescence lifetime was observed at 10 K, indicating weaker non-radiative
losses at 10 K. No TADF was observed at room temperature. Probably the weak TADF, observed in

toluene solutions, was quenched in neat films with efficient exciton migration towards defect sites.
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The emergence of the dominating exciplex emission is shown in Fig. 9 a and b, where the

fluorescence spectra of PMMA films doped with compound 1 at the concentration ranging from 1 to

100 wt% are demonstrated. Fluorescence peaked at about 460 nm at low doping concentration (0.1 —

2 wt%), where no intermolecular interactions were present, similarly as emission of !CT, state in

toluene. Some mismatch of emission energies were due to the different polarity of toluene and PMMA

(toluene is more polar ambient) and presence of conformational disorder. Fluorescence peak started

to redshift down to about 490 nm for the doping concentrations of 5 — 30 wt% due to the emergence

and later increasing number of exciplex states. Almost no further redshift of emission spectra were

observed at the larger doping concentrations (30 — 100 wt%), when the exciplex fluorescence clearly

dominated.
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Fig. 9 a) Normalized time-integrated fluorescence spectra
of compound 1 embedded in PMMA surrounding at
different concentration. b) Fluorescence peak wavelengths
of compound 1 embedded in PMMA surrounding at
different concentration. ¢) Normalized fluorescence decay
transients of compound 1 in PMMA at different doping
concentrations. The inset shows DF/PF ratio at the
different doping concentrations.
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The transition from intramolecular TADF from to intermolecular TADF from exciplex states
was also observed in fluorescence decay transients of compound 1 doped in PMMA at different
concentrations (see Fig. 9 c¢). As we can see, fluorescence decay transients of 1 wt% and 5 wt% doped
PMMA films were rather similar, when the emission of !CT; states with the strong impact of
conformation disorder dominates, however the rise of exciplex TADF is already observed at 5 wt%
concentration. At the larger doping concentrations (e.g., 10 wt%), DF/PF ratio is enhanced (see the
inset in Fig. 9), due to the emergence of the additional TADF from exciplex states?*. The DF/PF ratio
peaks at about 20 wt% doping concentration and later starts to decrease at the larger doping loads,
due to the enhanced excitation mobility and subsequent quenching of the latest delayed emission at
the defect sites®! (see Fig. S10 in ESI). Such behavior was especially evident in the neat films. Similar
trend was also observed for TADF lifetime, which tended to decrease at the larger doping
concentration due to the quenching of the latest conformer states with the largest fluorescence lifetime.

As we can see, intermolecular TADF is unavoidable in heavily doped polymer films, however

the DF/PF ratio can be enhanced by selecting the proper doping concentration.

Conclusions

In summary, we presented a comprehensive analysis of photophysical properties of series of
donor-c-acceptor TADF compounds with different donor units. Hyperconjugated
hexafluoroisopropylidene spacer unit was selected to reduce the electronic communication between
the donor and acceptor units seeking negligible singlet-triplet energy gap. However, to weak donor-
acceptor coupling was observed, leading to remarkably prolonged florescence lifetime and allowing
to observe several unusual effects. Firstly, the coexisting intra- and intermolecular fluorescence of
different wavelength was observed at different time-scales even in solutions. Secondly, the initial
decay with remarkably prolonged lifetime was shown to be simple prompt intramolecular CT
fluorescence, which lifetime was lower for compounds with weaker electron-donating units.
Interestingly, this slow initial fluorescence was susceptible to molecular oxygen. The later delayed
fluorescence was shown to be TADF, originating from exciplex states, as proven by concentration
and viscosity-depended fluorescence measurements. In diluted polymer films with weakened non-
radiative recombination, both prompt fluorescence and TADF were of intramolecular nature. Rather
strong conformational disorder was observed due to flexible molecular structure, leading to large
temporal shifts of emission peak. With an increasing doping load, a rise of exciplex TADF was
observed, which dominated in neat films at similar wavelength as in solutions. However, the
fractional intensity of TADF and its lifetime peaked at about 20 wt% doping concentration, since the
further increase of doping load enabled the excitation migration towards the defect sites and

subsequent quenching of the latest TADF.
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Our results have shown that the weak coupling between donor and acceptor units is not
favorable for the efficient intramolecular TADF in o-bridged compounds and the hyperconjugated
spacer unit should be carefully designed. In-line, intermolecular interactions should be minimized in

order to prevent the exciplex emission in highly doped films.
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