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Three novel TADF (thermally activated delayed fluorescence) emitters based on the well-studied Qx-Ph-
DMAC fluorophore are designed and synthesized. The photophysical properties of these materials are
studied from a theoretical and experimental point of view, demonstrating the cumulative effects of
multiple small modifications that combine to afford significantly improved TADF performance. First, an
extra phenyl ring is added to the acceptor part of Qx-Ph-DMAC to increase the conjugation length,
resulting in BQx-Ph-DMAC, which acts as an intermediate molecular structure. Next, an electron-
deficient coumarin unit is incorporated to fortify the electron accepting ability, affording ChromPy-Ph-
DMAC with red-shifted emission. Finally, the conjugated system is further enlarged by ‘locking’ the
molecular structure, generating DBChromQx-DMAC with further red-shifted emission. The addition of
the coumarin unit significantly impacts the charge-transfer excited state energy levels with little effect
on the locally excited states, resulting in a decrease of the singlet—triplet energy gap. As a result, the
two coumarin-based emitters show considerably improved TADF performance in 1 w/w¥% zeonex films
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DOI: 10.1039/d3cp03695b when compared to the initial Qx-Ph-DMAC structure. ‘Locking’ the molecular structure further lowers

the singlet—triplet energy gap, resulting in more efficient reverse intersystem crossing and increasing the
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Introduction

Thermally activated delayed fluorescence (TADF) emitters have
gained significant attention as active materials for organic
light-emitting diodes (OLEDs) as they can harvest both singlet
and triplet excitons, realizing theoretical internal quantum
efficiencies (IQE) up to 100%."* In contrast to the strong
spin-orbit coupling (SOC) that enables phosphorescence in
organometallic emitters,>® high IQEs for all-organic TADF
materials are achieved by reverse intersystem crossing (rISC),
up-converting the 75% of triplet excitons arising from electrical
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contribution of TADF to the total emission.

excitation to the emissive singlet excited state.”° Typically
such TADF materials consist of covalently linked electron-
donating (D) and electron-accepting (A) units that have near-
perpendicular electronic subsystems, spatially limiting the
overlap of the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) and
generating a small energy difference (AEsy) between the first
excited singlet (S;) and triplet (T,) state, which allows the
desired rISC up-conversion to occur.>*

Despite the promising properties of D-A TADF materials,
their charge-transfer (CT) emissive states lead to rather broad
emission spectra, resulting in desaturated emission colours
which limits the supported colour spaces in OLED displays.'?
The emission can be narrowed by rigidifying the molecular
structure though, restricting rotational and vibrational motions
that otherwise broaden the range of exciton energies in indivi-
dual molecules (and hence also the overall spectrum).'?
Moreover, rigid structures can also suppress vibrationally-
coupled non-radiative decay pathways, improving the photo-
luminescence quantum yield (PLQY) and OLED efficiency.'*
Furthermore, expanding the conjugation length of a molecular
structure will typically lower the S; energy level," resulting in a
red-shifted emission and, depending on the energy of the
relevant triplet state, a smaller AEgr.*® A downside of increasing
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the rigidity of the active material is that this is frequen-
tly accompanied by a higher degree of planarity and
resulting tendency to aggregate, which is particularly common
in D-A TADF compounds.'”™° This aggregation behaviour can
be resolved, either by ensuring a near-perpendicular orienta-
tion between the D and A to sterically frustrate strong
intermolecular n-m-interactions,”® or by implementing bulky
substituents.>'*

In this work we demonstrate two parallel rational design
strategies to enhance the emission properties of D-A TADF
molecules. The design of these novel materials starts with
Qx-Ph-DMAC,>® a previously reported emitter consisting of a
2,3-diphenylquinoxaline (Qx-Ph) acceptor unit coupled with
two 9,10-dihydro-9,9-dimethylacridine (DMAC) donating moi-
eties that exhibits green TADF emission when doped in a non-
polar 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP) host. The first
modification strategy involves incorporation of an electron-
deficient coumarin unit into the molecular structure to tune
the acceptor strength and hence the alignment of the excited
state energies, i.e. ChromPy-Ph-DMAC. An intermediate mole-
cular structure with an expanded m-system but no coumarin
fragment is also prepared, i.e. BQx-Ph-DMAC, and studied to
better understand the stepwise effects of coumarin insertion
into the molecular structure. A second strategy, recently
reported elsewhere,'® is here also applied to the final
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coumarin-based dyad to ‘lock’ its phenyl substituents into a
phenanthrene unit, generating a more rigid molecular struc-
ture with a larger conjugation length to potentially improve
both colour purity and PLQY.

Comparing the different materials, Qx-Ph-DMAC shows very
weak TADF at room temperature in a 1 w/w% zeonex host, while
n-expanded BQx-Ph-DMAC exhibits a combination of weak
TADF and room temperature phosphorescence (RTP) in zeonex.
We confirm that the incorporation of an electron-deficient
coumarin unit into the structure drastically lowers the energy
of the excited CT states, while the locally excited (LE) state
energies remain similar. As a result, AEgy decreases, enabling
efficient TADF for both ChromPy-Ph-DMAC and its ‘locked’
counterpart DBChromQx-DMAC. ‘Locking’ the molecular struc-
ture enlarges the conjugated system in the latter, also further
reducing the energy gap. This leads to more efficient up-
conversion and increases the contribution of TADF to the
overall emission efficiency in this final molecular structure of
the stepwise series.

Results and discussion

Phenyl-1,2-diamine and naphthalene-1,2-diamine were commer-
cially available, while 3,4-diamino-2H-chromen-2-one (2) was
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Scheme 1 Synthesis procedure for Qx-Ph-DMAC, BQx-Ph-DMAC, ChromPy-Ph-DMAC, and DBChromQx-DMAC, and their intermediates: (i) NH;OH,
1,4-dioxane, room temperature, 2 h; (i) Na;S,O4, EtOH : water (2: 3), 60 °C, 1 h; (iii) glacial acetic acid, 125 °C, 16 h (iv); Pd(OAc),, [(t-Bu)sPHIBF4, NatBuO,

toluene, reflux, 16 h.

This journal is © the Owner Societies 2023

Phys. Chem. Chem. Phys., 2023, 25, 29842-29849 | 29843


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp03695b

Open Access Article. Published on 18 October 2023. Downloaded on 2/11/2026 1:38:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

synthesized according to literature.”® Starting from 4-chloro-3-
nitro-2H-chromen-2-one the chlorine group was first substituted
for an amine and then the nitro substituent was reduced
(Scheme 1). Thereafter, a condensation reaction between the
diamines and the ‘locked’ or ‘unlocked’ diketone yielded the
desired brominated coumarin-quinoxaline products (3-6). The
brominated acceptor units were then coupled to 9,10-dihydro-
9,9-dimethylacridine (DMAC) using a Buchwald-Hartwig cross-
coupling reaction, affording Qx-Ph-DMAC, BQx-Ph-DMAC,
ChromPy-Ph-DMAC, and DBChromQx-DMAC. Details on the syn-
thetic procedures and characterization data are provided in the ESLY

To better understand their electronic structures and excited
states, the molecular geometries of Qx-Ph-DMAC, BQx-Ph-
DMAC, ChromPy-Ph-DMAC, and DBChromQx-DMAC were
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optimised using density functional theory (DFT) calculations
(M06/6-311G(d)). The singlet and triplet energies were deter-
mined using additional time-dependent DFT (TDDFT) calcula-
tions using a modified LC-BLYP (w = 0.17 Bohr™ ') exchange-
correlation (XC) functional.>””*® The TDDFT calculations were
performed under the Tamm-Dancoff approximation on the
optimised ground state geometries and using the polarizable
continuum model (PCM) in cyclohexane to simulate a non-
polar environment (similar to zeonex films) in the Gaussian16
package.”® The orbital spatial distributions were obtained from
single-point calculations using the same LC-BLYP/6-311G(d)
method. The CT character of the involved states was investi-
gated by looking at the differences between ground and excited
state electron densities. These CT characters are described by

ChromPy-Ph-DMAC

DBChromQx-DMAC

Fig. 1 HOMO-LUMO spatial distributions for Qx-Ph-DMAC, BQx-Ph-DMAC, ChromPy-Ph-DMAC, and DBChromQx-DMAC. Isocontour values of 0.02

(a.u.) were used for all orbitals.
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the distance over which the electronic charge is transferred
(dcr) and the related change in dipole moment (Ap), calculated
as described by Le Bahers and coworkers.>°

DFT geometry optimisations illustrated that the ‘unlocked’
phenyl rings of Qx-Ph-DMAC, BQx-Ph-DMAC, and ChromPy-Ph-
DMAC are twisted with respect to the acceptor core (0 ~ 50°), as
shown in Fig. 1. Fusing these two phenyl rings creates a larger
planar core (DBChromQx-DMAC), as expected based on prior
studies.'® The donating DMAC unit is also twisted for all four
dyads, sitting at 0 & 37° relative to the bridging phenyl rings for
the ‘unlocked’ emitters and at 6 = 90° relative to the acceptor
core for the ‘locked’ structure. These twisted orientations result
in a strong separation of the HOMO and LUMO, i.e. the HOMO
and HOMO-1 are localized on the donor, while the LUMO and
LUMO+1 are localized on the acceptor part in all cases (Fig. 1).
Consequently, for these dyads strong CT character is expected
3132 These expecta-
tions are fully in line with the theoretical calculations as
displayed in Table S1 (showing the CT distance and change
in dipole moment of the relevant excited states, ESIt) and Fig.

for the lowest energy excited singlet states.

S1 (illustrating the ground-excited state electron density differ-
ences, ESIt).

Steady-state absorption and emission spectra in toluene and
methylcyclohexane (MCH) solution are shown in Fig. 2. In all
four cases the absorption spectra consist of a major peak at
higher energy, at A =270-310 nm, and a minor peak at 4 = 340-
410 nm, which can be assigned to the absorption of the donor
and the acceptor, respectively.”> For Qx-Ph-DMAC, ChromPy-
Ph-DMAC, and DBChromQx-DMAC, an additional small
absorption peak is observed at 4 > 390 nm corresponding to
direct CT absorption. These assignments are supported by
simulated TDDFT absorption spectra, shown in Fig. S2 (ESIT).
The emission spectra in toluene consist of a single broad peak
for the four dyads, suggesting CT nature. Some vibronic struc-
ture is apparent in the blue-shifted MCH emission spectra
though (especially for ChromPy-Ph-DMAC and DBChromQx-
DMAC), indicating LE singlet states are the lowest energy
emissive states in MCH, with the CT states becoming stabilised
(red-shifted) and coming to dominate the emission in the more
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polar solvent toluene. For all four emitters a clear red-shift of
the emission is observed when going from MCH to toluene,
providing extra evidence for the CT character of these excited
states. These trends in emission wavelengths across the four
materials are consistent with the theoretical vertical excitation
energies for S; shown in Table S2 (ESI{). Moreover, the theore-
tical AEsr can be estimated by calculating the difference
between this S; value and the calculated vertical excitation
energy for Ty, which is also tabulated (Table S2, ESIf). The
theoretical AEsy values for both Qx-Ph-DMAC and BQx-Ph-
DMAC are considered too large to generate up-conversion
from T; to S;,”° and thus no TADF emission is expected in
this environment. In contrast, the calculated energy gap
for ChromPy-Ph-DMAC and DBChromQx-DMAC (0.12 and
0.08 eV, respectively) becomes sufficiently small for rISC
and up-conversion to occur (which is observed experimentally,
vide infra).

Time-resolved emission spectroscopy was performed for all
four compounds doped in 1 w/w% zeonex films (photographs
are shown in Fig. S3, ESIt) to examine the delayed emission
properties. Fig. 3 shows normalized contour plots of the time-
resolved emission spectra after pulsed excitation of the four
dyads at room temperature, and at 80 K. These plots reveal
prompt fluorescence (PF), presence/absence of delayed fluores-
cence (DF), and phosphorescence (PH) for each of the synthe-
sized compounds. The PF among the series shows similar
spectral trends as observed in the steady-state measurements,
indicating an enhanced acceptor strength for ChromPy-Ph-
DMAC and DBChromQx-DMAC. A spectral redshift is also
observed within the first 100 nanoseconds for all four emitters,
both at room temperature and at 80 K. This spectral shift could
be attributed to either aggregation and/or a distribution of
dihedral angles between donor and acceptor units,”** each
exhibiting a specific emission wavelength and emission life-
time. Furthermore, it can be seen that the coumarin-based
compounds exhibit detectable DF throughout the entire time
window of the measurement, whereas this is not the case for
Qx-Ph-DMAC and BQx-Ph-DMAC where the much weaker DF
falls below the noise floor of the instrument in the 1-100 ps
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Fig. 2 Normalized steady-state absorption spectra (dashed lines) and normalized steady-state emission spectra (solid lines) for the emitters in MCH (left)

and in toluene (right) at an excitation wavelength of 350 nm.
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Fig. 3 Normalized time-resolved emission spectra for Qx-Ph-DMAC, BQx-Ph-DMAC, ChromPy-Ph-DMAC, and DBChromQx-DMAC in zeonex at
room temperature (left) and at 80 K (right). The noise arising after the prompt fluorescence for Qx-Ph-DMAC and BQx-Ph-DMAC represents the noise

floor of the hardware.

range. This contrast is further visualized in the combined decay
plot shown in Fig. 4A, which plots the total emission intensity
versus time.

Delayed emission does nonetheless eventually reappear at room
temperature for both Qx-Ph-DMAC and BQx-Ph-DMAC in the ms
regime. For Qx-Ph-DMAC this emission originates from the S, state
as the wavelength is similar to the PF at room temperature. BQx-Ph-
DMAC on the other hand shows a very broad and red-shifted ms

29846 | Phys. Chem. Chem. Phys., 2023, 25, 29842-29849

emission, suggesting a combination of TADF from S, alongside
room temperature phosphorescence (RTP) from T,.*'** These
emission properties are further illustrated by the individual time-
resolved spectra for each dyad at both temperatures presented in
Fig. S4 (ESIt). The claimed dual emission and RTP for BQx-Ph-
DMAC is further supported by Fig. S5 (ESIt), which compares the
room temperature emission both for the ns (PF) and ms (claimed
TADF and RTP) regimes to that at 80 K (unambiguous PH).

This journal is © the Owner Societies 2023
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Fig. 4 (A) Decay of the total emission for Qx-Ph-DMAC, BQx-Ph-DMAC, ChromPy-Ph-DMAC, and DBChromQx-DMAC in zeonex (1 w/w%) at room

temperature (open circles) and at 80 K (solid squares). Data points for which the emission signal falls below the hardware noise baseline have been
omitted from the decays. (B) Normalized steady-state emission spectra (solid lines), and phosphorescence spectra (dashed lines; degassed, 80 K and 80
ms delay time) for Qx-Ph-DMAC (black), BQx-Ph-DMAC (blue), ChromPy-Ph-DMAC (green), and DBChromQx-DMAC (red) in a 1 w/w% zeonex film.

ChromPy-Ph-DMAC shows a red-shifted emission in the
early pus DF regime, which can be assigned to various different
molecular geometries that result from the rotational freedom of
this ‘unlocked’ structure as films are formed.** This red-shift is
indeed less pronounced for the ‘locked’ analogue DBChromQx-
DMAC, with more restricted D-A geometries. These red-shifts
are in both cases small though, and the DF observed in the
coumarin-based dyads appears to originate from the same
excited state as the PF, i.e. S;, suggesting TADF as the delayed
emission mechanism and supported by the small theoretical
AEgr (Table S2, ESIt).

At 80 K, no DF is observed in the ps regime for Qx-Ph-DMAC
and BQx-Ph-DMAC, which is similar to the observation at room
temperature. In both cases the contour plots of the time-resolved
emission spectra (Fig. 3, time points without emission contribu-
tion are removed in the decays in Fig. 4) show the normalized
shape of the detector baseline. However, red-shifted and unam-
biguous PH emission later appears in the ms regime. For
ChromPy-Ph-DMAC and DBChromQx-DMAC DF from the S; state
is observed throughout the entire time window, even at 80 K. The
‘unlocked’ ChromPy-Ph-DMAC eventually shows red-shifted PH in
the ms regime. For DBChromQx-DMAC, no similar red-shift
occurs, suggesting that either no phosphorescence is observed

Table 1 Spectroscopic data for the four emitter molecules

or that phosphorescence originates from a triplet state which is
nearly isoenergetic to S, (Fig. 4).

Additional calculations on the higher excited state energy
levels were then performed (Fig. S1 and Tables S3, S4, ESIY),
showing that the lowest *CT levels (T, for Qx-Ph-DMAC and
BQx-Ph-DMAC; T; for ChromPy-Ph-DMAC and DBChromQx-
DMAC) are nearly isoenergetic with the S, states. Furthermore,
a triplet state with LE character is also located nearby, resulting
in vibronic coupling between the two triplet states.® The relative
position of these excited state energy levels facilitates ISC (ksc
values in Table 1), generating triplet excitons which were also
quantified by the relatively high singlet oxygen quantum yields
in toluene (®,, Table 1 and Fig. S6, ESIt). Moreover, in all four
materials a significant increase is observed for the PLQY in
degassed toluene (®¢;per) compared to the quantum yield in the
presence of dissolved oxygen (®P¢am) (Fig. S7, ESIT). In zeonex
films, the differences between ®¢inery and Peaey are less pro-
nounced for Qx-Ph-DMAC and BQx-Ph-DMAC, indicating little to
no triplet harvesting properties, consistent with the minimal DF
in time-resolved spectroscopy (Fig. 3 and 4A). ChromPy-Ph-
DMAC and DBChromQx-DMAC on the other hand do show a
significant increase in PLQY for zeonex films under inert atmo-
sphere (Table 1), consistent with their stronger TADF activity.

Toluene Zeonex
Compound (pf,atma (pf,inertb (pAC (pf,atmd (Df,inerte FWHM (CV) kISC (571Y krISC (571Y AEST (ev)g
Qx-Ph-DMAC 0.15 0.23 0.55 0.22 0.21 0.36 / / 0.32
BQx-Ph-DMAC 0.22 0.32 0.54 0.31 0.35 0.36 / / 0.39
Chrom-Py-Ph-DMAC 0.13 0.40 0.67 0.40 0.55 0.40 1.76 x 107 9.16 x 10* 0.19
DBChrom-Qx-DMAC 0.15 0.34 0.35 0.41 0.60 0.32 1.94 x 107 7.83 x 10° 0.01

“ Photoluminescence quantum yield in toluene solution under normal atmosphere, determined vs. quinine (®¢ = 0.58, Aexe = 347 nm in 0.1 M
H,S0,). ” Photoluminescence quantum yield in toluene solution under inert atmosphere, determined vs. quinine. ¢ Singlet oxygen quantum yield
in toluene solution, determined vs coronene (@5 = 0.90, Aex. = 325 nm in toluene) by monitoring the absorbance of 1,3-diphenylisobenzofuran at
414 nm. ¢ Photoluminescence quantum yield of 1 w/w% zeonex films measured in an integrating sphere under air. ° Photoluminescence quantum
yield of 1 w/w% zeonex films measured in an integrating sphere under nitrogen flow. / kisc and kysc were determined using kinetic fitting of the
prompt and delayed fluorescence according to literature.*® ¢ Calculated as Es, — Ep,.
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Fig. 5 Schematic representation of the excited state energy levels (in eV) with their corresponding LE/CT (green/red) character as obtained using TDDFT
calculations. The values obtained experimentally in 1 w/w% zeonex films are added in brackets.

Additionally, locking the molecular structure results in an
almost 10-fold increase in intersystem crossing rate (k.sc; Fig.
S8, ESIT) and a 20% reduction in the full width at half maximum
(FWHM) in zeonex, nicely confirming the success of the stepwise
molecular design strategy.*®

Using the difference in onset between the (steady-state)
fluorescence and phosphorescence (80 K; 80 ms delay time) as
shown in Fig. 4B, the experimental AEsy can be determined
(Table 1). These values are similar but large for Qx-Ph-DMAC and
BQx-Ph-DMAC (AEgr = 0.32 and 0.39 eV, respectively), aligning
with theoretical calculations and consistent with their poor
TADF activity. Incorporating the coumarin unit lowers this
energy gap (AEsr = 0.19 eV), while ‘locking’ the molecular
structure results in nearly isoenergetic S; and Ty states (AEsr =
0.01 eV). A schematic representation of the excited state energy
levels from both calculations and experiments is given in Fig. 5.

TDDFT calculations (Fig. S1 and Tables S2-54, ESIt) illustrate
that the lowest 'CT and *CT states are nearly isoenergetic to each
other in each of the four materials. By incorporating the coumarin
unit and ‘locking’ the molecular structure, both the singlet and
triplet CT states are stabilized and brought closer to the low-lying
LE states. This analysis of the interplay between excited state
energies makes it possible to gain a deeper insight into the
differences in the emission mechanisms, and consequently the
PLQYs of the emitters in zeonex. For Qx-Ph-DMAC and BQx-Ph-
DMACG, the triplet excitons that are formed likely become trapped in
the low-lying *LE states after efficient ISC and internal conversion on
the triplet manifold. These trapped triplet excitons can be harvested
(though inefficiently) by rISC in both materials, but also by RTP for
BQx-Ph-DMAC in which both the S;-T; and T,-T; energy gaps are
smaller.”® On the other hand, for ChromPy-Ph-DMAC and especially
for DBChromQx-DMAC, vibronic coupling between the *LE and *CT
states (with much smaller AEgy) enables efficient up-conversion to
the singlet state, supporting efficient TADF as the delayed emission
mechanism. The improved TADF kinetics of DBChromQx-DMAC are
also supported by its smaller experimental AEsy and evidenced by
larger kysc values compared to ChromPy-Ph-DMAC.

Conclusions

In this work we demonstrate the combined impact of two
design strategies for improved TADF properties. A first

29848 | Phys. Chem. Chem. Phys., 2023, 25, 29842-29849

approach involves integrating a coumarin unit into the acceptor
part of the molecule (ChromPy-Ph-DMAC and DBChromQx-
DMAC), which increases their accepting ability compared to
the (benzo)quinoxaline counterparts (Qx-Ph-DMAC and BQx-
Ph-DMAC). This leads to the decrease of the excited CT state
energies and opens the TADF pathway for the coumarin-based
emitters due to their smaller singlet-triplet gaps. In parallel, we
also implement a “locking” strategy by fusing the two phenyl
pendants, which expands the conjugated system and further
reduces the energy of the excited CT states. This approach results
in more efficient rISC and thus a larger contribution of TADF to
the total emission in zeonex films for the final ‘locked’
DBChrom-Qx-DMAC. Simultaneously, the enhanced rigidity also
narrows the inherently broad CT emission from TADF emitters.
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