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N-Methylacridones (NMAs) substituted at positions 2 and 7 with +M groups (fluorine and methoxy) were
synthesized and characterized by steady-state and time-resolved spectroscopy. Solutions of the NMA
derivatives in an aprotic solvent (tetrahydrofuran) emit in the deep blue region of the visible spectrum
with radiative rate constants larger than 5.4 x 10”7 s~ and fluorescence quantum vyields up to 0.84.
Sensitization experiments employing 1,4-dichlorobenzene give evidence for HIGHrISC behavior of the
NMAs, that is, reverse intersystem crossing (rISC) from a higher triplet state T,~, occurs. The spectroscopic

results, which are corroborated by quantum chemical calculations, render these derivatives very promising
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Introduction

With the HIGHrISC'” or hot exciton®* approach, triplet excitons
can be converted into light. This is of particular interest in organic
light-emitting diodes (OLEDs) in which 2 of the excitons formed by
electron-hole recombination adopt triplet spin multiplicity.” In
HIGHrISC emitters, reverse intersystem crossing (rISC) from a
higher triplet state T,-, to the emissive singlet state S; occurs
(¢f: Fig. 1). For HIGHIISC to be efficient, its respective rate constant
knsc ought to be larger than the one for internal conversion (IC) ki
between the T,, and the lowest triplet state T;. Furthermore, the T,
state should be slightly (a few times the thermal energy kp7) higher
in energy than the S; state.” This ensures that after equilibration of
the two states, most of the population resides in the emissive S;
state. El-Sayed-allowed transitions as occurring in carbonyl com-
pounds promise large ISC and thereby also rISC rate constants.®”
For an emission in the visible range, the carbonyl group ought to
be part of a polyaromatic scaffold of the size of anthracene or
lager.” For the closely related aromatic carbonyl compounds
xanthones,® thioxanthones," and acridones® HIGHIISC activity
was observed by us. All these compounds emit in the blue region
of the visible spectrum. Acridones are particularly promising in
this respect as some derivatives dissolved in suitable solvents
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for applications in organic light emitting diodes (OLEDs).

feature fluorescence quantum yields ¢q close to one.’ The focus
of this study will be on derivatives of N-methylacridone (NMA).
Contrary to the parent compound acridone, NMA lacks a an NH
group which can act as a hydrogen bond donor.

When inspecting the excited state energies of NMA in the
gas phase,'® high fluorescence quantum yields ¢y in solution
seem surprising. In NMA, the emissive singlet state is a 'nn*
one. Three essentially dark states (‘nn*, *nrn*, and *nn*) are
lower in energy. Thus, the 'nn* state may depopulate via a
'nn* — 'nm* IC process. Femtosecond spectroscopy of the
closely related thioxanthone has shown that such an IC process
may occur in a few 100 fs."* Also, the El-Sayed-allowed 'nrn* —
*nn* transition can contribute to a fast 'tr* depopulation.'**?
For NMA to exhibit high fluorescence quantum yields ¢q and
HIGHTISC activity the nn* states (singlet and triplet) need to be
lifted in energy above the 'nn* one. As the energetic separations
(in the gas phase) amount to only 1200 cm ' (0.15 eV,
"nn*-'nn*) and 2300 cm " (0.28 eV, 'nn*-*nn*),' respectively,
rather small modifications of the molecule or its surroundings
can suffice to achieve this goal. Indeed, polar protic solvents
can invert the energetic ordering of 'nn* and '*nn* states.'*
However, theoretical'® and experimental studies' disagree with
respect to the polarity which is needed to invert the ordering of
states. The 'nn* excitation in acridones goes along with an increase
of the dipole moment'*'® and thus experiences a red-shift with
increasing solvent polarity. “*nm*-Excitations commonly,"”*® par-
ticularly in acridones,’ experience a blue shift in polar and - most
pronounced - protic solvents. These opposite shifts cause both n*
states of NMA in protic solvents to lie above the 'nn* one in
energy."* The most visible consequence of this is the strongly
increased fluorescence quantum yield ¢4 of NMA in protic solvents
(pa ~ 0.7 in methanol)'® as compared to nonpolar ones (¢gq ~
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Fig. 1
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Illustration of the impact of +1/+M substituents at positions 2 and 7 on the NMA excitation energies. The depiction of the molecular orbitals on the

bottom (adapted from ref. 10) indicates that only the m-orbital features electron density at positions 2 and 7 (encircled in red).

0.02 in cyclohexane).” With respect to OLEDs, relying on protic
solvents is problematic, however. In OLEDs chromophores are
embedded in rather nonpolar and aprotic matrices.>*>*

To achieve this inversion in an aprotic environment the 'nn*
energy can be lowered by placing substituents with a positive
inductive effect (+I) and/or with a positive mesomeric effect
(+M) at suitable positions (Fig. 1).>*> The positions can be
identified by inspection of the frontier orbitals (¢f. Fig. 1). At
the positions 2 and 7, the HOMO (n-orbital) features anti-nodes
and the LUMO (n*-orbital) nodes. Thus, in a simplified picture,
+M substituents placed here are expected to rise the energy
of the m-orbital and leave the one of the n*-orbital untouched.
This ought to result in the lowering of the 'nn* energy. Indeed,
difluorination (+M effect)** of NMA at positions 2 and 7 shifts
the 'nn* 0-0 energy by —1130 cm™* (—0.14 eV, value refers to
the compounds dissolved in methanol)."® A quantum chemical
investigation on substituent effects on the excitation energy of
anthracene - a chromophore of similar size - predicted shifts of
the same magnitude.?® The measured red-shift of —1130 cm ™"
(—0.14 eV) has the same magnitude as the 'nn*-"*nr* separa-
tions mentioned above. Thus, an inversion of the state ordering
and a shift into the deep blue region®® of the visible spectrum
might be achievable by substitution. By introducing other
groups with a +M effect, like methoxy,>” a stronger inversion
of the ordering and a greater energetic separation of the states
might be attained. Moreover, the emission should be shifted
further into the deep blue. Therefore, in addition to the
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NMA-dF, new derivatives (for structures see Fig. 2) were inves-
tigated: one, where one fluorine is exchanged for a methoxy
substituent (NMA-OMeF) and one, where both fluorine atoms
are exchanged for methoxy substituents (NMA-dOMe). As
already mentioned, the inversion of the states should be caused
by substituents and not by the formation of hydrogen bonds
between the NMA derivatives and the solvent. For this reason,
tetrahydrofuran (THF) was chosen as the solvent due to its
aprotic nature. Additionally, THF offers a deep UV cutoff>® and
its polarity is similar to the one present in an OLED,?® making it
an appropriate choice for the study.

In this study, the photophysical properties of NMA, NMA-dF,
NMA-OMeF and NMA-dOMe in THF were investigated. For
this purpose, stationary absorption and emission spectra were
recorded. In addition, time-resolved spectroscopy in the femto-
second and nanosecond regime was performed and a compar-
ison between direct and sensitized excitation was made. For
sensitized excitation, 1,4-dichlorobenzene (DCB) was employed
as a triplet sensitizer. Triplet-excited DCB serves as a substitute
for triplet-correlated electron-hole pairs in an OLED. It is
crucial to note, that DCB is not supposed to be utilized in
an actual device. Rather, the upper triplet state is directly
populated by electron-hole recombination. The results will
show that the substituted acridones can convert both singlet
and triplet excitons into light even in an aprotic environment.
The experimental results are complemented by quantum
chemical calculations.
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Fig. 2 Structural formulas of the various N-methylated acridones (NMA) used in this study.
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Materials and methods
Steady state spectroscopy

The UV/Vis absorption spectra were measured using a two-
beam Lambda 1050+ spectrometer from PerkinElmer GmbH,
utilizing standard 1-cm path-length fused silica cells. Fluorescence
was recorded in right-angle detection mode with a FluoroMax-4
from Horiba Scientific. To prevent inner filter effects, the absorp-
tion at the excitation wavelength was adjusted to ~0.05 for a 1 cm
path length. Coumarin 102 in air-saturated ethanol (¢g = 0.764)*°
served as the reference for determining the fluorescence quantum
yields of the NMAs. All emission spectra were corrected for the
spectral sensitivity of the instrument. To determine the 0-0
energies and Stokes shifts, the fluorescence spectra were multi-
plied by 2* to convert them from a constant wavelength bandpass
to a constant wavenumber bandpass.*' Furthermore, the absorp-
tion spectra were multiplied by 7~ " and the fluorescence spectra by
772 to arrive at the transition dipole representation.** The 0-0
energies were obtained by the intersection between the absorption
and fluorescence spectra in this representation, which were nor-
malized to their respective maxima. Strickler-Berg analysis were
conducted according to ref. 33 and 34, wherein only the absorption
bands lowest in energy were included. The CIE coordinates were
determined using the respective emission spectra and the ARL
Spectral Fitting software.*”

Time-resolved absorption spectroscopy

The femtosecond transient absorption (fsTA) setup has been
described elsewhere.*® Thus, here only a brief summary is given
which focuses on the settings relevant for this study. A 1 kHz
Ti:Sa laser amplifier system (Coherent Libra) served as the
pulse source, emitting at a wavelength of 800 nm with a pulse
duration of 120 fs (full width at half maximum (FWHM)).
To produce 400 nm pump pulses, the 800 nm laser output
underwent frequency doubling in a B-barium borate crystal.
The energy of the pump pulse at the sample was adjusted to
approximately 1 pJ, and the beam had a focal diameter of
160 pm on the sample. The absorption change was probed
using a white light continuum generated in CaF,, with a
diameter of 100 um at the sample. The relative polarization
of the pump and probe beams was set to the magic angle to
avoid contributions from rotational diffusion. The time resolu-
tion of the measurements was approximately 150 fs (FWHM of
the instrument response function (IRF)). Transient spectra were
recorded at 139-time delay settings, spanning from —1 to 1 ps
on a linear time scale, and from 1 ps to 3.4 ns on a logarithmic
one. For each delay setting, 2000 spectra were recorded, and the
data were averaged over four successive delay scans. To elim-
inate solvent signal contributions and correct for time-zero
femtosecond artifacts, a solvent measurement was conducted.
Its signal was subtracted from the one of the solution after
proper scaling.?” The sample solutions were pumped through a
silica flow cell (Hellma Analytics) with a path length of 0.5 mm.
The absorption of the sample at the excitation wavelength was
adjusted to ~0.7 for a path length of 0.5 mm. Time constants
and decay-associated difference spectra (DADS) were obtained
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using a global fitting procedure with a multi-exponential trial
function convoluted with the IRF (see eqn (1)),%®

AAGL ) =TRF & 3 A4() e . (1)

i=1

The fit yields a decay associated difference spectrum (DADS)
AA(2) for each time constant ;.

Nanosecond transient absorption (nsTA) data were obtained
with a LP980 spectrometer from Edinburgh Instruments. For the
excitation, the output of a Nd:YAG laser (Spitlight 600, Innolas)
was frequency-quadrupled to arrive at 266 nm. The laser provides
pulses with a duration of ~7 ns at a repetition rate of 10 Hz.
The average pulse energy amounted to ~3 m]. A pulsed xenon
flashlamp (Osram XBO 150 W/CROFR) was used for probing. After
passing the sample at a right-angle geometry, the light was
dispersed in a grating monochromator and detected by a photo-
multiplier (Hamamatsu PMT-900). The time resolution was
approximately 7 ns (FWHM of the IRF). For NMA-OMeF solutions,
the pathlengths of the flow cell were 2 mm in pump and 10 mm in
probe direction. For DCB solutions, the pathlengths of the flow
cell were 5 mm in pump and 10 mm in probe direction. To obtain
the triplet lifetime of NMA-OMeF for each of the four different
concentrations twelve time traces were recorded at a probe
wavelength of 585 nm. For each time trace 64 shots were averaged.
To obtain the self-quenching constant of DCB, the rate constants
of the triplet decay were determined for four different concentra-
tions. For each concentration, ten time traces were recorded at
340 nm. For each time trace 80 shots were averaged.

Time-resolved emission spectroscopy

Time-correlated single photon counting (TCSPC) was conducted
utilizing a fluorescence lifetime and steady-state spectrometer
(FT300 with hybrid PMT detector, Pico Quant, Germany). The
excitation process was accomplished using a supercontinuum
laser excitation source (EXW-12 with a spectral extension unit
EXTEND-UV, NKT Photonics, Denmark) operating at a repetition
rate of 4.88 MHz. The output of the supercontinuum laser was
frequency-doubled and excitation wavelengths were selected by a
monochromator. The wavelengths were chosen to match the
different absorption maxima: 375 nm, 416 nm, 424 nm, and
429 nm for NMA, NMA-dF, NMA-OMeF, and NMA-dOMe, respec-
tively. Input and output slit widths of the monochromator were
set to 3000 pum, resulting in a detection bandpass of 16.2 nm.
The detection wavelengths were set to coincide with the fluores-
cence maxima for NMA (405 nm), NMA-OMeF (446 nm) and
NMA-dOMe (457 nm). The detection wavelength for NMA-dF was
set to 450 nm. The emission maximum was not chosen here, as
it coincides with the Raman band of the solvent, generating an
additional signal. The IRF was determined using a Ludox HS-30
colloidal silica water suspension (Aldrich), featuring a ‘zero”
lifetime. The FWHM of the IRF was approximately 100 ps, and its
influence was factored into the fitting process through convolu-
tion. Quartz Macro Cell type 111-QS cuvettes (Hellma) were
employed for all sample measurements, featuring a light path of
1 cm and a sample volume of 3 mL. Fitting procedures were

This journal is © the Owner Societies 2025
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executed using the ChiSurf software.** A single exponential
including an offset which accounts for detector dark counts
and after-pulsing served as a trial function.

Time-resolved fluorescence data from the nano- to micro-
second regime were acquired with a home-built setup. For the
excitation, the pulsed Nd:YAG laser (Spitlight 600, Innolas)
mentioned above tuned to 266 nm was used, providing pulses
of ~7 ns FWHM at a repetition rate of 10 Hz. The energy of the
laser light was ~125 pJ per pulse. The excitation beam was
focused onto the sample with a cylindrical lens generating a
line focus 0.5 mm wide and 2.5 mm long. The emitted fluores-
cence light was collected under an angle of 54°, then dispersed
by a spectrograph (SpectraPro 308, Acton Research) with a
grating blazed at 410 nm (121.6 | mm™') and detected by a
gated iCCD camera (PI-MAX, Princeton Instruments). The delay
between excitation and detection was controlled electronically
(PTG, Princeton Instruments) and enabled delay times from the
nanosecond to the millisecond regime. To increase the signal at
longer delay times the gain voltage of the microchannel plate
was raised. Besides that, the integration time of the detector as
well as the number of accumulations were increased for longer
delay times. The signals from the CCD chip’s pixel rows, where
fluorescence light was detected, were summed up (200 rows),
and the resulting spectra were spectrally integrated over the
emission band of interest. The data were corrected for the
baseline by subtracting the integrated signal from rows of
the CCD chip where no fluorescence signal was detected. The
baseline-corrected data were divided by the number of accumu-
lations and by the integration time applied. To account for the
varying gain voltage, a calibration curve was generated using the
same instrumental parameters expect for different amplification
settings Upcp, ranging from 0 to 255. The spectrally integrated
fluorescence signal Si,((Umcp) in dependence of Uycp was fitted
to an exponential function according to eqn (2),

Sint(UMCP) - a.e/;'UM(?P. [2)

For the various measurements, o and f are listed in Table S1
(ESIT). To correct for this dependency, each data point was divided
by the right-hand-side of eqn (2). To cross-check the procedure,
blocks for delay time ranges and certain settings Uycp overlapped
slightly. For the overlapping part, signals of blocks were compared
and if necessary slightly scaled to match each other. For the
characterization of the IRF, a solution of thioxanthone in DMSO
was excited at 266 nm, and its fluorescence emission (390-500 nm)
was spectrally integrated. The fluorescence lifetime of thioxanthone
in DMSO is 140 ps,*® which is significantly shorter than the
expected time resolution of the experiment. Consequently, its
contribution to the IRF is negligible. The finite time resolution
was accounted for by convolution with a Gaussian function repre-
senting the IRF with a FWHM of ~7 (NMA) and ~ 10 ns (NMA-dF,
NMA-OMeF and NMA-dOMe).

Synthesis of the acridones

2,7-Difluoro-10-methylacridin-9(10H)-one (NMA-dF) was pre-
pared by Ullmann-type coupling from 4-fluoro-aniline and
2-bromo-5-fluoro-benzoic acid, followed by intramolecular

This journal is © the Owner Societies 2025
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Friedel-Crafts acylation to give 2,7-difluoroacridin-9(10H)-one and
final N-methylation.” 5-Fluoro-2-((4-methoxyphenyl)amino)benzoic
acid was prepared by Ullmann-type coupling from 4-methoxy-
aniline and 2-bromo-5-fluorobenzoic acid following literature
procedure.”! The cyclization to the acridone was done via a modified
procedure by Kelly et al.** using methanesulfonic acid. 2-Fluoro-7-
methoxy-10-methylacridin-9(10H)-one (NMA-OMeF) was prepared
by final methylation® (see ESIT). 2,7-Dimethoxy-10-methylacridin-
9(10H)-one (NMA-dOMe) was prepared by Ullmann-type coupling
from 2-bromo-5-methoxybenzoic acid and 4-methoxyaniline, fol-
lowed by intramolecular Friedel-Crafts acylation to give 2,7-
dimethoxyacridin-9(10H)-one and final N-methylation.*****°
The purity of the acridones was verified by 'H-, "*C and "F-NMR
spectroscopy (see ESL i Fig. S1-S10).

Sample preparation

NMA (>98.0%) and DCB (>99.0%) were obtained from TCI.
THF (>99.9%) and ethanol (HPLC) were purchased from Sigma
Aldrich. Coumarin 102 was purchased from Radiant Dyes Laser
& Acc. All measurements were performed at room temperature
(~20 °C). To deoxygenate sample solutions, nitrogen (Air
Liquide, 99.999%) or argon (Air Liquide, 99.999%) were
bubbled through. Gases were saturated with the solvent to
reduce concentration changes. All chemicals obtained commer-
cially were used as received.

Quantum chemical calculations

Geometry optimizations were conducted with the Gaussian 16
program®’ using density functional theory (DFT) with the PBEO
functional for the ground state and time-dependent DFT (TDDFT)
for the excited states, additionally applying the Tamm-Dancoff
approximation (TDDFT-TDA) in the triplet manifold. The Ahlrichs
def-SVP basis set*® was used throughout. Computed vibrational
frequencies confirmed that all geometries obtained correspond to
true minima. Vertical excitation energies at fixed geometries were
computed with the DFT/MRCI program.* The redesigned Hamil-
tonian R2016°° was used with standard parameters and a selection
threshold of 1.0 Hartree. The core electrons were kept frozen, the
initial reference space comprised all single and double excitations
of 10 electrons in 10 orbitals and was subsequently optimized to
contain the most important configurations of all roots. For the 0-0
energies, vibrational zero-point energies computed at the (TD)DFT
level were added to the DFT/MRCI energies. The solvent was
considered implicitly employing the polarizable continuum
model.*” Spin-orbit coupling matrix elements were computed with
the SPOCK program in the atomic mean field approximation.®>>?
Nonadiabatic coupling matrix elements (NACMEs) were obtained
with the program DELTA.”® ISC and IC rate constants at a
temperature of 293.15 K were computed via the generating func-
tion approach as implemented in the program VIBES.>*™°

Results

The absorption band lowest in energy is very similar for all
substituted NMAs and NMA dissolved in THF (Fig. 3). All of

Phys. Chem. Chem. Phys., 2025, 27,10444-10455 | 10447
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Fig. 3 Absorption coefficient (solid lines) and fluorescence (normalized,
dashed lines) spectra of NMA (yellow), NMA-dF (red), NMA-OMeF (green),
NMA-dOME (blue) and DCB (grey areas) in THF. The black y-axis on the left
refers to absorption coefficients of the NMAs, the gray one to absorption
coefficients of DCB. For the acquisition of the fluorescence spectra the
excitation was tuned to the absorption maxima lowest in energy.

them feature pronounced vibronic progression with two peaks
and a shoulder. Compared to NMA in THF, the absorption of
the derivates is bathochromically shifted. The magnitude of
this shift increases in the following order: NMA-dF, NMA-OMeF
and NMA-dOMe. The absorption of NMA features peaks at
395 nm and 377 nm and a shoulder around 358 nm. NMA-dF
features peaks at 415 nm and 394 nm and a shoulder around
374 nm. NMA-OMeF features peaks at 424 nm and 402 nm and
a shoulder around 381 nm. NMA-dOMe features peaks at
429 nm and 406 nm and a shoulder around 383 nm. The peak
absorption coefficient of NMA at its longest wavelength max-
imum is around 12000 M~ ! ecm™*, while the NMA derivatives
exhibit a coefficient of around 10000 M~* ecm™".

NMA (¢, = 0.11) 1
—— NMA-F (¢ = 0.69)
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Emission takes place in the range between 380 nm to
600 nm (see Fig. 4, left). Compared to NMA, the emission of
NMA-dF, NMA-OMeF and NMA-dOMe is bathochromically
shifted. The absorption and fluorescence of NMA and
NMA-dF obey the mirror image rule.” NMA features emission
peaks at 405 nm and at 427 nm, resulting in CIE coordinates of
(0.16, 0.02). The emission maxima of NMA-dF are located at
425 nm and 449 nm, resulting in CIE coordinates of (0.15, 0.04).
For NMA-OMeF and NMA-dOMe the mirror image rule is
partially fulfilled. Their emission peak is broadened compared
to the absorption, thus obscuring the vibrational progression.
Consequently, the emission spectra of NMA-OMeF as well as
NMA-dOMe features just one maximum. For NMA-OMeF the
maximum appears at 446 nm with CIE coordinates of (0.15,
0.11) and for NMA-dOMe at 457 nm with CIE coordinates of
(0.14, 0.12). From the spectra in the transition dipole represen-
tation, the 0-0 energy as well as the Stokes shift were obtained.
For NMA, a 0-0 energy of 25000 cm™ " (3.10 eV) and a Stokes
shift of 560 cm ™" (69.4 meV), for NMA-dF a 0-0 energy of 23 800
em ! (2.95 eV) and a Stokes shift of 570 cm ™" (70.7 meV), for
NMA-OMeF of 23100 cm™ " (2.86 €V) and of 1500 cm ™" (186.0 meV),
and for NMA-dOMe of 22800 cm™" (2.83 eV) and of 1530 cm™*
(189.7 meV) were determined. Via Strickler-Berg analysis,*** radia-
tive rate constants (kwq) for NMA of 7.43 x 10 s, for NMA-dF of
6.18 x 10" s, for NMA-OMEeF of 5.42 x 10’ s~*, and for NMA-dOMe
of 5.53 x 10” s~ were determined.

The fluorescence quantum yield ¢f of NMA, NMA-dF,
NMA-OMeF and NMA-dOMe in THF were measured with coumarin
102 (¢pq = 0.764 in air-saturated ethanol®) as a reference. Yields of
0.11 + 0.02 and 0.09 £ 0.02 (NMA), 0.68 £ 0.02 and 0.53 £ 0.04
(NMA-dF), 0.79 £ 0.02 and 0.54 + 0.01 (NMA-OMeF), as well as
0.84 £ 0.05 and 0.53 £ 0.02 (NMA-dOMe) in deoxygenized (DO)
and air-saturated (air) solutions were obtained. Fluorescence
decays of the samples could be modelled single-exponentially.

——NMA

—— NMA-dF
—— NMA-OMeF
—— NMA-dOMe

0.1

0.01

0.001

100
time / ns

150

200

Fig. 4 Fluorescence spectra and fluorescence decay traces for NMA (yellow), NMA-dF (red), NMA-OMeF (green), and NMA-dOMe (blue) dissolved in
deoxygenized THF. The sample concentrations ranged from 10~° to 10> M. Left: Fluorescence spectra. All spectra are scaled such that their integrals
match the respective fluorescence quantum yields ¢q. The deep blue region is highlighted in blue. The excitation wavelengths were set to 375 nm for
NMA, 395 nm for NMA-dF, 405 nm for NMA-OMeF and 410 nm for NMA-dOMe. All spectra were recorded with a resolution of 1 nm. Right: Fluorescence
decay traces recorded by TCSPC of the samples. The excitation and detection wavelengths were 375 nm and 405 nm for NMA, 416 nm and 450 nm for
NMA-dF, 424 nm and 446 nm for NMA-OMeF and 429 nm and 457 nm for NMA-dOMe. Experimental results are plotted in different colors, the black

solid lines represent the fits.
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The respective fluorescence lifetimes 74 were determined by
TCSPC to be 1.5 and 1.4 ns (NMA), 10.8 and 8.6 ns (NMA-dF),
14.6 and 10.0 ns (NMA-OMeF) as well as 15.4 and 9.7 ns
(NMA-dOMe) in deoxygenized (Fig. 4, right) and air-saturated
solutions (Fig. S11, ESIT). The error of these lifetimes is <=+ 1%.
The fluorescence lifetimes 7 measured directly can be compared
with ones 15" derived from the radiative rate constant k.,q and
the fluorescence quantum yield ¢q according to eqn (3),

p=tn ®)

T = .
fl
k rad

Except for NMA, these lifetimes 5P are very close to the ones
obtained by TCSPC (¢f. Table 1). This indicates that steady state
and time-resolved measurements are consistent. An equilibrium
between the 'nn* and '“nn* states upon optical excitation is
disfavored. However, for NMA in THF, 75 and 1 FC differ
slightly from each other, suggesting that an equilibrium between
the 'nn* and '’nn* states is present. For thioxanthone in
methanol such equilibration resulted in a reduction of the
spectrally integrated stimulated emission (SE) on the picosecond
time scale.’® In respective femtosecond transient absorption
experiments (see Fig. S12, ESIt) on the NMA samples, such a
reduction was only observed for the unsubstituted NMA (see
Fig. 5, note that the SE is a negative signal). The early increase in
SE seen for all samples is presumably due to dielectric
relaxation.”” Thereafter, the signals remain constant up to ~1
ns for all samples except NMA. For NMA, a small reduction of the
signal on the time scale of 10 ps is observed. A single exponential
fit of this time dependence affords the ratio (I, — Icp)/Io. Iy is the
integrated SE at time zero and I.q the one after equilibration
between the two states. As detailed in ref. 56, this ratio equals the

equilibrium constant K, see eqn (4),
Io— I _ [*nn*]

Iq - [rm*]”

(4)

Table 1 Photophysical properties of NMA, NMA-dF, NMA-OMeF, and NMA-
dOMe in THF. The absorption (Las) and emission (/em) Maxima were obtained
from steady state spectroscopy recorded with constant wavelength resolu-
tion. The Stokes shifts (A7) and 0—0-energies (Eq-o) given in wavenumbers
were deduced relying on the transition dipol moment representation.*?
Radiative rate constants (kg Were determined using the Strickler—Berg
relation. The non-radiative rate constants (k,) were determined via
1—

knr = ‘L'TC%
deoxygenized (¢pR°) samples were determined relative to the standard C102 in

The fluorescence quantum yields of air-saturated (¢3" and

ethanol.*® Fluorescence lifetimes determined directly by TCPSC (z"“*F) and
from the rate constants k..q and yields ¢R° () are included

Parameters NMA NMA-dF NMA-OMeF NMA-dOMe
Jiabs/NM 396 416 424 429
Jem/NM 405 425 446 457

Av/em ™! 560 570 1500 1530
Eoolcm™? 25000 23 800 23100 22 800
Kraals " 7.79 x 10’ 6.18 x 107 5.42 x 10’ 5.53 x 107
nls™" 5.86 x 10° 296 x 107 1.43 x 10 1.04 x 10’
A" 0.09 0.53 0.54 0.53

¢g° 0.11 0.68 0.79 0.84

B/ns 1.36 11.00 14.58 15.19
7'PCmg 1.52 10.81 14.64 15.41
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Fig. 5 Decay of the spectrally integrated SE of NMA (yellow), NMA-dF (red),
NMA-OMeF (green), and NMA-dOMe (blue) dissolved in THF. The transient
absorption spectra were spectrally integrated over the ranges of the SE that
do not overlap with the ground state bleach (NMA: 415-460 nm, NMA-dF:
450-500 nm, NMA-OMeF: 455-500 nm, NMA-dOMe: 459-500 nm) to
obtain the time traces. For NMA, experimental results are compared to a
single-exponential fit and the parameters /g and /4 are marked.

K is hereby defined with the ®nn* state as the product of the
equilibration. The fit yields a K value of 0.18. A second procedure
to determine the constant K relies on the fluorescence spectrum
and the transient absorption spectra around time zero and after
equilibration. The fluorescence spectrum was converted to a
SE spectrum,®>° flipped, shifted, and scaled to match the SE
contributions (see Fig. S12, ESIt) in the transient absorption
spectra. The respective scaling factors were taken to be propor-
tional to I, and I.q. This second procedure yields a value (0.15)
very close to the first one. This equilibration can also explain the
small difference in fluorescence lifetimes measured directly
(t7°5F°) and indirectly (:°®, see Table 1). In the indirect approach
(Strickler Berg and fluorescence quantum yield), the equili-
bration is not accounted for. The effect can be considered by
modifying eqn (3) to eqn (5) (see ref. 56),

corr (pﬂ SB

W= (K+1)=1"(K+1). (5)

rad

With the constant K equal to 0.15, the corrected lifetime is
1.56 ns which is close to the one measured directly (1.52 ns).
Neglecting entropy contributions and assuming that only one
triplet sub-level is populated during the equilibration,®® the
constant K can be related to a singlet triplet energy gap AEgr
using eqn (6),

AEST = kaTln K. (6)

With a thermal energy at room temperature kg7, a gap of 350-
380 cm ' results (the *nm* state is above the 'mn* one).
In addition to the constant K, the fit also yields a time constant
of 22 ps for equilibration. The value is close to the time
constant reported earlier for thioxanthone in methanol.>®
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All of the four compounds have quantum yields ¢ some-
what smaller than one. This suggests that non-radiative pro-
cesses are competing with the fluorescence emission. By
nanosecond transient absorption spectroscopy, the quantum
yield of the lowest triplet state ¢t of NMA-OMeF in THF was
estimated to 0.14 + 0.02 (Fig. S13, ESIt). Like for NMA-dF in
MeOH? it was, thus, shown that the non-radiative decay is mostly
due to ISC. Due to the similar structures of NMA, NMA-dF and
NMA-dOMe, ISC to the T, state is expected to be the dominant
non-radiative decay channel for these compounds as well.

All three substituted emitters have a high fluorescence
quantum yield ¢g in an aprotic environment and emit with rate
constants kyq larger than 5.4 x 10’ s™' in the deep blue
wavelength range. However, in order to be suitable as OLED
emitters, it must first be determined whether the molecules also
convert triplet excitations into light in an aprotic environment.

Through sensitized excitation, the T, state of the emitter can
be accessed if the T, state of the sensitizer is higher in energy
than the T, state of the emitter. However, the energies of the T,
states (*nm*) are not accessible experimentally. They are pre-
sumably close to the energy of the S; states which are in the
order of 22 800-25 000 cm ™" (2.82-3.10 €V, Table 1). In previous
studies employing methanol as a solvent,"” DCB proved useful
in this respect. It features a T; 0-0 energy of 27990 cm '
(3.47 eV) in the solid state® (higher in energy than the S, states
of all NMAs) and a high triplet quantum yield in methanol
solution (¢Y*°™ = 0.96).°> However, the triplet quantum yield
of DCB in THF is not known. It is assumed that due to its
symmetrical nonpolar nature, the molecule interacts only
weakly with its surroundings, resulting in the energy of states
remaining nearly unchanged. A comparison of fSTA measure-
ments of DCB in methanol and in THF reveals that the spectral
signatures are very similar in the two solvents. DCB in THF,
photo-excited at 266 nm, exhibits a time constant of 625 ps
(Fig. S14, ESIT) compared to 550 ps reported for DCB in MeOH."
The time constant is assigned to the S; decay of DCB and the
concomitant population of its T; state. An estimate of the
triplet quantum yield of DCB in THF ¢1"" is conducted by
comparing the transient absorption at time zero due to the S;
(A4g)) and the transient absorption of the triplet state (AAr,) at
~3.1 ns, when only the T; state contributes to the signal. This
determination of the yield ¢ rests on the assumption that
the difference absorption coefficients of S; and T, states are not
affected by the solvent. This assumption is supported by the
observation that the absorption spectra exhibit only minor
changes in the ground state.' The triplet quantum yield was
calculated using eqn (7),

AATHE . A g)te0H

THF _  MeOH |
AA_I}_/leOH ) AAgHF
1 1

T =¢T 7)
The triplet yield ¢p}**°" was reported to be 0.95.°> The proce-
dure affords a yield ¢1 ' of 0.76 which is slightly lower than the
one in methanol.

For the sensitization experiment, deoxygenated solutions
containing DCB and the NMAs were excited using 266 nm laser
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pulses, which corresponds to the lowest energy absorption of
DCB. An exclusive excitation of the sensitizer is not possible
because the absorption band of DCB overlaps with higher absorp-
tion bands of the emitters (¢f. Fig. 3). With a gated CCD camera,
the emission of the NMAs induced by the laser was monitored.
The fluorescence emission of DCB and all NMAs are spectrally
well separated (¢f. Fig. 3). The time dependence of the NMAs
emission was characterized based on spectral integrals. These
cover the range of the NMAs steady state emissions. The resulting
time traces were plotted using a log-log representation (Fig. 6).
For all the NMAs studied, in absence of DCB, a decay on the
1-10 ns time scale as well as one with a characteristic time of
~1 ps is observed. The latter one, has an amplitude three orders
of magnitude smaller than the first one. Spectral signatures of
both components match the ones of steady state fluorescence
spectroscopy. A single exponential fit of the prompt fluorescence
decay accounting for the instrumental response time (~10 ns)
yields time constants of 2.49 + 0.08 ns for NMA, 11.1 £ 0.02 ns for
NMA-dF, 14.5 + 0.15 ns for NMA-OMeF and 16.1 £ 0.01 ns for
NMA-dOMe. These time constants for the substituted NMAs are in
very good agreement with the TCSPC results discussed earlier.
Minor discrepancies can be explained by the long IRF time
(~10 ns) compared to the observed decay time. Fits of the second
decay component afforded lifetimes of 726 + 26 ns for NMA,
877 + 13 ns for NMA-dF, 1056 + 31 ns for NMA-OMeF and 1780 +
55 ns for NMA-dOMe. Following the reasoning for thioxanthone®
and NMA-dF in methanol,” this decay component is assigned to
triplet-triplet annihilation (TTA). In the weak depletion limit,*
the time constant 71, determined via time-resolved fluorescence
spectroscopy ought to be half of the respective triplet lifetime tr,

ie TrTA = %T.“ For an exemplary NMA (NMA-OMeF), the triplet

lifetime 7 was determined by nanosecond transient absorption
measurements. The measurement afforded an intrinsic decay of
IOMAOMEF = 539 x 10° 4+ 1.38 x 10" s™' and a self-quenching
constant of ky VOV = 6.38 x 10° + 1.09 x 10° M~ ' 57" (¢f
Fig. S15, left, ESIt). For the concentration employed in the
sensitization experiment (0.29 mM), this translates into a lifetime
7r of 1.38 £ 0.1 ps. From the lifetime 71, one would expect a
similar triplet lifetime 71 of 2.1 & 0.06 ps. Presumably, the triplet
lifetime 7 deduced from the nanosecond transient absorption
measurements is more reliable since more data points contribute
to its evaluation.

The addition of DCB to the solutions results in a decrease of
the initial emission signal. This is expected because less emitter
molecules are excited due to the inner filter effect of DCB.
For NMA, no significant differences from 10 ns onwards are
observed. The observation that the signal levels after ~10 ns
are very similar suggests that triplet energy transfer between
DCB and NMA occurs and is followed by TTA. For the NMA
derivates, stronger signals from ~100 ns until ~1000 ns are
observed in presence of DCB compared to emitter only mea-
surements. The emission spectra observed during that period
are identical to the ones for prompt fluorescence (Fig. S16,
ESIY). This gives clear-cut evidence for an energy transfer (EET)
between excited DCB and the NMAs. The time scale of this EET
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp04781h

Open Access Article. Published on 17 March 2025. Downloaded on 4/4/2026 6:20:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
T T T
S
© 107 .
z A
2
E 108 1 e oo oo 4
Q ..
N
? 10° F 1
o o NMA + DCB
o
= .
B0tk = —
3 "'“\
(=)
3
£ 103 L 4
1 10 100 1000
delay time / ns
© P T T T T (]

3 1078 NMA-OMeF only 3
3 100l o9 ]
[=4
i=y
7]
o 10%F 4
o
c
[}
? 107k ]
g NMA-OMeF + DCB
3
< 10°F 4
Q
E 5 itized
E 10 L (p'slenm 1Zet ﬁ -l
£

10tk \‘ $5 0 vooa

1 10 100 1000 10000 100000

delay time / ns

View Article Online

PCCP

-

o
3
-

NMA-dF only

N
(=)
©

-

o
®
T

NMA-dF + DCB

-

o
=
T

-

[=]
>
T

sensitized

Pn

integrated fluorescence intensity / a.u.

-

(=)
)
T

1 10 100 1000
delay time / ns

10000

T T T T

1010 L.
NMA-dOMe only

109
108 k
NMA-dOMe + DCB
107 k

108

sensitized
Pn

integrated fluorescence intensity / a.u.

105 F oo’ B35+

1 10 100 1000 10000

delay time / ns

Fig. 6 Comparison of direct (emitter only) and sensitized (DCB present) excitation of NMA derivatives dissolved in THF. Sample solutions were excited
with 266 nm laser pulses and the emission traced as a function of time with a gated CCD. The spectrally integrated emission (380-650 nm) of each
emitter (NMA in yellow, NMA-dF in red, NMA-OMeF in green and NMA-dOMe in blue) was plotted versus the delay time. Note the log—log representation.
The brighter points represent the measured values of the emitter (0.27-0.29 mM) only solution, while the darker ones depict the behavior after the
addition of DCB (0.27-0.29 M). The shaded regions beneath the solid lines are proportional to the quantum yields ¢§™ and @ie™2¢d, from which the

efficiency # is determined.

excludes a singlet-singlet mechanism as the DCB S; lifetime
amounts to only 625 ps in THF. Therefore, the triplet states of
DCB have to be involved in the EET. Single exponential fits of
the additional components afforded time constants (Tgens)
of 420 + 8 ns for NMA-dF, 321 + 2 ns for NMA-OMeF and
407 + 3 ns for NMA-dOMe. At even longer delay times the decay
matches the TTA from the emitter only solutions. There are no
signs for an enhanced TTA due to the energy transfer.

The measured time constants ts.,s Ought to relate to rate
constants according to eqn (8),

—— = k3* + k, [emitter]. (8)
TSens

The intrinsic decay constant of the T, state of DCB k3

determined to be 1.48 x 10°47.3 x 103 s7! (é 0.7 us) via

was

nanosecond transient absorption spectroscopy. Like in
methanol,” DCB in THF exhibits no significant concentration
quenching (Fig. S15, right, ESIt). Using the time constants gens
determined from the results in Fig. 6 and eqn (8) the following
quenching constants k, result: k)" = 3.31 x 10° M " s,
MAOMEF =5 65 % 10° M5!, and kMM =3.40 x 10°M s
The experimentally determined values are close to the diffusion-
limited rate constant (1.3 x 10" M~' s in THF®®). The

This journal is © the Owner Societies 2025

efficiency n < 1 for the transfer of DCB triplet excitation to
emitted NMA photons can be evaluated following a procedure
detailed in ref. 2. The procedure requires the fluorescence
quantum yields for direct (pf™) and sensitized excitation
(pfensiized) a5 well as the fraction of excitation light absorbed
by the emitter and the sensitizer. The quantum yields of™ and
@psied are proportional to the areas marked in Fig. 6. The
procedure results in an efficiency of 5™~ = 0.070, A~ OMF =
0.022 and y¥4~9°M¢ = 9 037, By considering the triplet quantum
yield (¢17F = 0.76), the intrinsic decay constant of the T, state
of DCB ™ in THF, and the quenching constant times the
corresponding emitter concentration, kj[Emitter], a transfer
efficiency n., can be calculated. The efficiency 5, quantifies
the fraction of quenching events resulting in an S; excitation of
the emitter for an infinitely high emitter concentration. This
efficiency amounts to 74~ 9F = 0.243, yMA-OMeF = 055, and
NMA-dOMe _ ( 199,

Quantum chemical computations on NMA, NMA-dF,
NMA-OMeF, and NMA-dOMe in THF support the experimental
results. The computations place the 0-0-energy of the S, state
(*nn*) for NMA at 25700 cm ™ * (3.19 eV), NMA-dF at 24 600 cm ™~ *
(3.05 eV), NMA-OMeF at 24000 cm ' (2.98 eV) and for
NMA-dOMe at 22800 cm™ " (2.83 eV). Radiative rate constants
of Khq® = 6.98 x 107 s ' (oscillator strength of 0.15816),
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Table 2 Calculated adiabatic and 0-0-energies of the states in THF

Energies/ S S, T T, Ts

em ™! (‘ne¥)  (‘nn¥) Can®) CorY) o (Crn)
NMA Adiabatic 26700 26900 21500 25700

0-0 25700 26100 20600 25000
NMA-dF Adiabatic 25500 26500 19900 25300

0-0 24600 25800 19100 24600
NMA-OMeF  Adiabatic 24800 26900 19000 25600

0-0 24000 26100 18400 24900
NMA-dOMe Adiabatic 23600 26800 18100 25600 26100

0-0 22800 26100 17500 24700 24900

IMA—AF = 690 x 107 s (oscillator strength of 0.17209),
I A OMeF = 624 x 107 57! (oscillator strength of 0.16804)
and khMAIOMe = 556 % 107 s~ (oscillator strength of 0.16251)
were computed. All those computed values are in good agreement
with the experimental ones (¢f Tables 1 and 2). The 0-0-energy of
the T, state (*nn*) are calculated to be 20600 cm™* (2.55 €V) for
NMA, 19100 cm™ " (2.37 €V) for NMA-dF, 18400 cm ™" (2.28 eV)
for NMA-OMeF, and 17500 cm™ " (2.17 €V) for NMA-dOMe. The
energy gaps between the bright S, states and the T, states are of
the order of ~5300 cm ™" (0.66 eV) excluding a role of the T state
in thermally activated delayed fluorescence. All the NMAs feature
an upper triplet state T,, with *nn* character which is close in
energy to the S, state (*nn*). While the energies of the nn* states
are lowered by up to ~3000 cm ™" (0.37 eV) by the introduction of
the substituents, the energies of the nn* states remain almost
constant. For the vertical excitation energies at different geome-
tries, see Tables S2-S5 (ESIt). The associated molecular orbitals
are shown in Fig. S17-S20 (ESIf).

Al T, (n = 2) energies are smaller than 27987 cm ™" (3.47 eV,
triplet energy of DCB®') indicating that EET from DCB is
energetically feasible. Once the T, (n = 2) state is populated, for
HIGHTIISC to be relevant, the rate constants of the rISC process
(kusc) must be at least of a similar magnitude as the rate constants
of the competing T, — T; IC process (kic). Thus, the relevant rate
constants were computed using the generating function
approach,”®*® the results are compiled in Table 3. The spin-orbit
coupling (SOC) matrix elements entering the expression for the
()ISC rate constants are in the range of ~10 to 17 ecm™". This is
substantially lower than the value of 154 cm™' for atomic
oxygen.”® The oxygen atom of the carbonyl moiety is mostly
responsible for the SOC. As other atoms contribute to the relevant
MOs (n and 7*), its contribution is “diluted”.®* For all compounds,
except NMA, rate constants for 1ISC and IC of the order of 10"~
10" s~ were calculated. For, e.g.,, NMA-dOMe, the rate constant of
rISC is by a factor of 3.8 higher than the one of IC. So, according to
this computation rISC is favored over IC in NMA-dOMe. However,
for a proper interpretation of the results, the (small) discrepancies

Table 3 Calculated rate constants of the rISC, ISC and IC between the
relevant states of the NMAs in THF

Rate constants/s” ' NMA NMA-dF NMA-OMeF NMA-dOMe

1.30 x 10° 8.80 x 10" 4.80 x 10" 5.08 x 10
3.18 x 10 7.49 x 10 4.85 x 10° 1.51 x 10°
2.61 x 10" 6.45 x 10*° 3.67 x 10*° 1.35 x 10*

kusc nm*— lnm*
ks ‘¥ — *nm*
ke *nn* - Snn*
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between experimental and computational excited state energies
need to be considered (see Discussion).

Discussion

As the orbital diagrams in Fig. 1 suggest, decorating NMA at
position 2 and/or 7 with +M substituents lowers the 'mm*
excitation energies. In steady state spectroscopy, red shifts of
0-0 energies of up to ~2200 cm " (0.27 eV) are observed
(¢f Table 1 and Fig. 3). The trend in 0-0 energies inferred from
spectroscopy is well reproduced by quantum chemistry
(¢f. Tables 1 and 2). The lowering of the 'nn* state shifts the
emission of the substituted NMAs to the deep blue region. The
L’Eclairage (CIE) coordinates of all emitters are located at
the bottom left of the CIE chromaticity diagram (cf. Fig. 7).
The CIE coordinates of the NMAs are already close to the one
of the standard for deep blue emitters (0.14, 0.08) as set by the
National Television System Committee (NTSC 1987).*° How-
ever, it is important to note that the CIE coordinates of the
emitters were determined in solution and not in an OLED.
The reduction of the 'nn* energy goes along with a sub-
stantial increase of the fluorescence quantum yield ¢gn. For
NMA a value of 0.11 was determined, for NMA-dOMe it is as
high as 0.84 (cf Fig. 4). This indicates that non-radiative decay
channels involving nm* states are suppressed. The quantum
chemical computations corroborate this trend. In the computa-
tions, +M substitutions at positions 2 and 7 leave nn*energies
essentially untouched (¢f. Fig. 8, red circles). This finding is in
line with a qualitative consideration based on the molecular
orbitals (¢f. Fig. 1). The n*-orbital of NMA has nodes at these
positions and the n-orbital features no electron density here. As
the nn* states retain their energies upon substitution and nrn*

states are lowered, for all substituted derivatives studied, the
1

nn* state is below the "“’nn* ones. Accordingly, the
520| T T T T T T
08 _
06 _
24004 NMA-dOMe
2
£
04| NMA-OMeF |
>
NMA-dF
02t _
00 1 1 1 1 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
x coordinate
Fig. 7 CIE chromaticity diagram with the CIE coordinates of the emission
of NMA (0.16, 0.02), NMA-dF (0.15, 0.04), NMA-OMeF (0.15, 0.11), and
NMA-dOMe (0.14, 0.12) in THF. The CIE coordinate of the standard deep
blue emitter (0.14, 0.08) set by the National Television System Committee
(NTSC) is marked with a red cross.
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Fig. 8 Fluorescence quantum yields, experimentally determined rate
constants (Krag, knr, Open symbols) as well as calculated rate constants
(Knsc. kisc, kic. filled symbols), and quantum chemical/experimental 0—-0
energies given in cm™! and eV of the NMAs in THF. Top: Fluorescence
quantum vyields ¢ (bar chart), k..q (blue open squares), k. (grey open
circles), kysc (red triangles), kisc (orange triangles), and kic (green dia-
monds) of the NMAs in THF. Note the log representation for the rate
constants. Bottom: Calculated and experimentally determined 0-0 ener-
gies of the NMAs in THF. Singlet states are represented in blue, triplet states
in red, nn* states are shown as squares, n* states as circles. The blue open
squares represent the experimentally determined 0—-0 energies (exp.) of
the S; states. The red open circle represents the experimentally deter-
mined energy of the T, state (*nr*) of NMA.

fluorescence quantum yields ¢g increase and the non-radiative
rate constants decrease (c¢f Table 1 and Fig. 8).

However, according to the quantum chemistry for NMA, the
'nm* state is seen to be 400 cm ™' above the 'nn* one and the
*nn* - 700 cm ! below this state (see Fig. 8). The experiment
suggests that the computation places the nn* energies slightly
too low. The analysis of the early SE decay (cf Fig. 5) places the
*nn* state slightly (by 350-380 cm™ ") above the 'nn* one. Due to
this discrepancy, the computation predicts a small fluorescence

krad
krad + kisc
sured 0.11. Interestingly, measured and calculated time con-
stants t.q for the equilibration between the S; and the T, state
are very close despite this discrepancy. The value of 7.4 derived

quantum yield ¢q (z ) of 0.003 instead of the mea-

1 65
kusc + kisc
amounts to 30 ps which compares very favorably with the

experimental value of 22 ps. As shown in the ESIt (Fig. S21),
for small values of the energy gap AE;s r,, the time constant teq
is rather insensitive to AEg r,. As one shifts the T, state from

from the computed rate constants via teq =

This journal is © the Owner Societies 2025
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small energies towards the S; state, the rate constant kisc
decreases and the rate constant kysc increases leaving kisc + kisc
and thereby t.q nearly constant. The calculated rate constants
suggest a rapid equilibration between the S; state and T, state for
all NMAs. For the substituted NMAs, however, no early decay of
the SE traces is discernible suggesting that the *nr* states are too
high in energy for a detectable depletion of the 'nn* state due to
equilibration. The small equilibrium population of the *nr* state
in the derivatives renders IC from *nn* to *nn* state inefficient. All
this indicates that the substitutions - particularly by methoxy
groups — turn NMA also in an aprotic environment into an
excellent singlet emitter.

Of course, for OLED applications an emitter should also
“process” triplet excitations. The sensibilization experiments
give clear evidence that in all substituted NMA derivatives,
HIGHTrISC is operative. Triplet excited DCB was shown to
transfer excitation energy to the studied acridones. This trans-
fer results in an additional fluorescence emission. Thus, rISC
from an NMA triplet to the 'nr* state has to occur. As the lowest
triplet state (*nn*) of all NMAs is by more than —5000 cm™*
(—0.6 eV) lower in energy than the 'nr* state (¢f Table 2), the El-
Sayed-forbidden rISC from this state can be ruled out safely.
This implies that rISC from a higher triplet state (*nn*) -
HIGHTIISC is operative. The efficiencies 1., = 0.24, 0.06, and
0.12 for this process are below one.

Two loss channels are conceivable (see also discussion in
ref. 2). (i) During the EET between triplet excited DCB and the
NMaAs, instead of a selective population of the *nn* state,
competing transfer to the *nn* could be possible. At present,
we do not see an experimental approach to quantify the ratio of
the EET processes. A computational study by Penfold et al.®®
(on thioxanthone and DCB) has shown that the electronic
couplings favor an EET to the T, (*nn*) state over an EET to
the T, (*nn*) state. This was attributed to the more delocalized
character of the molecular orbitals in the former case. In
contrast, the Franck-Condon weighted density of states
approximated by a Marcus expression can facilitate the transfer
to the T, state. The substituted NMAs feature lower >mm*
energies than NMA itself. Therefore, the transfer to the T; state
is expected to lie in the Marcus-inverted region®® which lowers
its rate constant. Concomitantly, the efficiency for an EET to
the *nn* state should rise. Thus, a sizable population of the T,
state or even its preferential population is plausible. (ii) Alter-
natively, the loss could be due to an IC process between the
*nr* and the *nn* state competing with the rISC transition
(see Fig. 1). For NMA the computations suggest that k¢ is two
orders of magnitude larger than k;sc (Fig. 8). This could explain
the absence of the component 7gens in the experiment on NMA
(see Fig. 6). For the substituted NMAs the increase of the energy
gap (AEyr) between the T, state and T, state leads to a decrease
of k¢ (Fig. 8). The behavior is in line with the energy gap law”"®’
and/or a Marcus inverted behavior.®® The rate constants kygc
and k;c have the same order of magnitude and both processes
can compete with each other. Quantum chemical computations
on NMA-dF in methanol” suggest that both loss mechanisms
(() and (ii)) might be operative. Regardless of the exact nature
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of the loss channels, the calculations support the assignment of
the experimentally observed sensitized emission to HIGHrISC.

Conclusion

This study has shown that the parent compound NMA is not a
suitable OLED emitter due to its low fluorescence quantum
yield and inability to convert triplet excitons into light in an
aprotic environment (such as THF solution). Regarding the use
of NMA-dF, NMA-OMeF and NMA-dOMe as deep blue emitters in
an OLED, this study has shown that these chromophores can
convert both singlet and triplet excitons into light. If the substi-
tuted NMA derivative receives energy from a singlet-correlated
electron-hole pair, its S; state efficiently emits photons with a
high fluorescence quantum yield (¢gz = 0.7-0.84) and a short
fluorescence lifetime (t ~ 11-15 ns). If energy is transferred from
a triplet-correlated electron-hole pair, resulting in the population
of T, states, the excitons are converted into photons via rISC from
the T,, to the emissive S, state. However, if the excitation reaches
the T, state, the energy is lost. If the triplet energy is transferred
from the host to the emitter by a triplet-triplet energy transfer (as
described in ref. 69), the success of the HIGHrISC emitter depends
on the choice of a suitable host. The host should be therefore
designed in such a way that a predominant transition to the T,
state is achieved.
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