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Twisted aminoacene D—A-D systems connected at the 2,9-position
of phenanthroline were synthesized, showing thermally activated
delayed blue fluorescence. Comprehensive computational and
spectroscopic studies revealed hybrid localized and charge-
transfer (HLCT) character, enabling reverse intersystem crossing,
leading to delayed fluorescence.

Potential commercial applications in flat-panel displays and
solid-state lighting have driven rapid advances in the develop-
ment of viable organic light-emitting materials.'”® The two key
processes that can ensure an increase in the efficiency of organic
light-emitting chromophores by harvesting the triplet excitons
are phosphorescence and thermally activated delayed fluores-
cence (TADF).”® According to spin statistics, triplet excitons are
formed three times more frequently than singlet excitons.* This
hampers the light-emitting efficiency of organic light-emitting
diodes (OLEDs) by less than 25%, as only singlet excitons are
directly emissive.” At the outset, light-emitting efficiency has
been improved by incorporating phosphors based on heavy
metals like Ir(m), Pt(u), or Os(u), leading to enhanced intersys-
tem crossing.” However, the expensive nature of heavy-metal-
containing materials hinders their promising application in the
fields of display technology and light generation.’

The synthetic modulation of organic chromophores has
recently emerged to attain a hundred percent internal quantum
efficiency by converting the triplet excitons back to singlet states
by thermally activated reverse intersystem crossing (rISC), which
results in delayed fluorescence emission."'® The essential require-
ment to facilitate rISC is to decouple the highest occupied
molecular orbital (HOMO) and the unoccupied molecular orbital
(LUMO). The decoupled orbitals minimize overlap and thereby
facilitate charge-transfer (CT) character and reduce the singlet-
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triplet energy gap.'! However studies by Adachi and co-workers
demonstrated that D-A-D systems with a singlet-triplet energy
gap of more than 0.3 eV can also exhibit efficient blue TADF,
with the mechanism involving reverse internal conversion (RIC)
from a donor-centered *rr* triplet state to the *CT state, followed
by rISC to the emissive 'CT state. The involvement of intermedi-
ate triplet states in the energy-transfer cascade underscores their
critical role in enabling efficient delayed fluorescence in D-A-D
architectures."” Herein, we describe a donor-acceptor-donor (D-
A-D) system with aminoacenes as donors and a less-explored
planar, rigid phenanthroline core as the acceptor, achieving a
narrow photoluminescence spectrum and efficient blue ther-
mally activated delayed fluorescence (TADF; Fig. 1a and b).

Molecules in the present study, BP and NP, were synthesized
by the nucleophilic aromatic substitution (SyAr) reaction of 2,9-
dichloro-1,10-phenanthroline with aniline and 1-naphthyl-
amine, respectively (Scheme S1, ESIt), following the reported
procedure.”® Subsequently, BP and NP single crystals were
obtained from an ethyl acetate environment. BP and NP crystal-
lized in centrosymmetric space groups P2,/n and C,/c, respectively
(Table S1, ESIt). Two asymmetric units were observed in both BP
and NP crystal structures, with the latter containing a water
molecule in the unit cell (Fig. 1c and d). The two asymmetric
units in BP had minute variations in the torsional angles con-
necting the phenanthroline and benzene rings (Fig. S1, ESIT).
However, in NP, naphthalene units were oriented in syn- and anti-
conformations in the repeating unit (Fig. S2, ESI). Weak non-
covalent H---H and C.--H interactions were major contributors
towards herringbone-like three-dimensional packing in the crys-
tals and were confirmed with the aid of Hirshfeld surface analysis
(Tables S2, S3 and Fig. S3, ESIT)."*"™

Both BP and NP exhibit distinct types of dimer in the crystal
packing (Fig. S4 and S5, ESIf) that contribute towards three-
dimensional packing. The interaction energy for various dimers
is calculated using truncated symmetry-adapted perturbation
theory (SAPT(0))-based energy decomposition analysis.'® In the
SAPT(0) method, the total interaction energy between two
molecules is calculated by breaking it down into four energy
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) and NP (b
crystal packing. Green discs and red dISCS represent stabilizing and destabilizing interactions, respectively. Electrostatic potential (ESP) surface generated
for BP (g) and NP (h) with isovalue +0.02 a.u. of electron density.

Fig. 1 Molecular structures of BP (a

components: electrostatic, dispersion, induction, and exchange
repulsion. Negative SAPT(0) values are obtained for all the dimers
found in BP and NP crystals (Esapro) = 0 to —30 keal mol %),
indicating that the above-mentioned interactions are stabilizing,
contributing to the three-dimensional crystal packing (Tables S4
and S5, ESIt). A visual representation of the topology of electron
density leading to non-covalent interaction in the various dimers
contributing towards the crystal packing is obtained from non-
covalent interaction analysis (NCI)."” For the dimers in BP, both
inter- and intramolecular H- - -H and C- - -H interactions in the NCI
plot are indicated by green discs (Fig. 1e and Fig. S6, ESIt). Whereas
for the dimers of NP, only intermolecular H---H and C---H
interactions are obtained in the NCI plot (Fig. 1f and Fig. S7, ESIY).

As mentioned above, both BP and NP occupied two distinct
conformations in the repeating unit of the crystal lattice.
Electrostatic potential surface maps for two distinct monomers
of both BP and NP revealed higher electron density near the
nitrogen atoms of phenanthroline rings (Fig. 1g and h). In BP,
the phenyl rings were aligned towards the center of the phe-
nanthroline core, leading to a bulkier electronic distribution.
However, in NP, the naphthalene units are oriented away from
the phenanthroline backbone, reducing electron density. The
excitonic coupling, mainly the Coulombic part, among the
monomeric units of various dimers assimilated in BP and NP
are computed using the electronic energy-transfer method
available in Gaussian 16. The Coulombic interaction between
the transition densities of various singlet states in the selected
dimers of BP and NP is provided in Table S6 (ESIf). The
Coulombic coupling values indicated for various dimers
revealed weak to moderate intermolecular singlet-singlet cou-
pling (100 cm ™" or less), and Coulombic energy transfer among
lower BP and NP singlet states.

The UV-visible spectra of both BP and NP in toluene exhib-
ited both n —» n* and = — n* transitions ranging from 280 to
400 nm. Compared to 1,10-phenanthroline, the absorption
spectra of both BP and NP are red-shifted by 100 nm by attach-
ment of aminoacenes.”® In the case of 1,10-phenanthroline,
the absorption spectra have two intense peaks near 200 nm and
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) with their crystal structures (c) and (d), respectively. NCI analysis of dimers of BP (e) and NP (f) in the

280 nm tailing towards 350 nm. However, in BP, the absorption
spectra in toluene range up to 400 nm with two intense bands at
285 nm and 341 nm (Fig. S8, ESIT). The substitution of amino-
benzene on the 2,9-positions of phenanthroline significantly
altered the ground-state electronic properties. The UV-visible
absorption spectra of NP also range up to 400 nm with an intense
absorption band at 340 nm. When changing to naphthyl amine
from benzene, there is insignificant variation in absorption
maxima (Fig. S9, ESIf). On monitoring the fluorescence of BP
and NP in toluene, the emission maxima (/g) are at 432 nm and
439 nm, with fluorescence quantum yields of ¢¢=0.038 and ¢¢
0.114 respectively. In comparison to 1,10-phenanthroline (2 =
350 nm), the substitution of aminoacenes has resulted in a red-
shift of 100 nm in the 1™ of BP/NP with a significant increase in
fluorescence quantum yield. Kubelka-Munk reflectance mea-
surements were further carried out in single crystals of BP and
NP arranged between quartz plates. The absorbance spectra in
the crystalline state exhibited intense electronic transitions from
320 nm to 430 nm for both BP and NP (Fig. 2a and c). NP showed
a weak absorption tail up to 600 nm. In the crystalline state, BP
revealed an emission maximum ST = 434 nm, with only a 2 nm
shift compared to the monomeric state, indicative of weak
excitonic coupling among individual molecules (Fig. S8, ESIt).
On comparing the fluorescence spectra of BP in the crystalline
state and toluene dielectric, the fluorescence intensity has a
slight elevation of peak near 457 nm in crystals, as represented
in Fig. S8 (ESIt). Similarly, NP in the crystalline state showed a
5 nm red-shift compared to the 2&mi monomeric solution state,
possibly due to the insignificant electronic interaction among
the monomers (Fig. S9, ESIt). The fluorescence microscope
images of the crystals are provided in the inset (Fig. 2).

The monomers of BP and NP were optimized in the CAM-
B3LYP/6-31G(d,p) level of theory. TD-DFT calculation yielded
excited-state energy levels, as discussed in Tables S7 and S8
(ESIY). Upon analyzing the first few singlet excited states, both
derivatives revealed almost negligible oscillator strength for the
S; state. The S; state in both BP and NP systems exhibits
significant energetic proximity to triplet states, potentially
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Fig. 2 The UV-Vis absorption spectra collected in diffuse reflectance
mode along with fluorescence, gated emission spectra for (a) BP and (b)
NP* (gating = 50 ps). *Baseline correction is performed on the gated
emission of NP. The confocal fluorescence microscope images of crystals
are provided in the inset.

facilitating reverse intersystem crossing (rISC) in the crystalline
state. For BP, the T; state lies 157 meV below the S; state,
whereas for NP, the Ty state is 122 meV lower than the S, state,
suggesting favorable energetics for triplet harvesting. Experi-
mental measurements estimate the S;-T; energy gap to be
610 meV for BP and 760 meV for NP. As rISC can proceed via
higher-lying triplet states (T,), these values may overestimate
the energy gap that governs TADF. The calculated S;-T,, gaps,
more indicative of the thermally activated mechanism, are
significantly smaller, 157 meV for BP and 122 meV for NP,
supporting efficient triplet-to-singlet upconversion.™

The reduced singlet-triplet energy gap in the monomers of
BP and NP motivated us to investigate the gated emission in the
crystalline state. For BP and NP, the gated emission spectrum
in the crystals overlaps with the corresponding fluorescence
spectrum directed towards delayed fluorescence. The gated
emission maxima are located at the corresponding Jemi of BP
and NP with a weak intense tail towards the red-edge. The
lifetimes for the delayed fluorescence are measured by exciting
BP at 4 = 390 nm and collected at A = 434 nm fitted to obtain
Tpr = 315.9 ps (Fig. 2b). In the case of NP, tpp = 395.4 us is
acquired by excitation at A = 380 nm and collected at 4 = 444 nm
(Fig. 2d).

Further, a temperature-dependent gated measurement is
performed in the crystalline state for BP and NP. For BP, at
77 K, gated emission spectra revealed multiple emission peaks,
corresponding to delayed fluorescence and phosphorescence
(Fig. S10a, ESIT). Upon fitting, the decays collected at a wave-
length corresponding to the fluorescence maximum (ip =
429 nm) provided a very short lifetime within the pulse width
(50 ps) (Fig. Si1a, ESIt). However, upon increasing the tem-
perature to 257 K, the lifetime also increased to tpr = 153.5 ps,
confirming the presence of thermally activated delayed fluores-
cence in the crystalline state of BP (Table S9, ESIt). Apart from
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the emission peak at 429 nm, two new intense bands are
observed near 450 nm and 520 nm at lower temperatures for
BP. The lifetimes monitored at ~520 nm are also obtained
from the decay curves (Fig. S11b-e, ESIT). The peak at 450 nm
might be a combination of emission components from delayed
fluorescence and phosphorescence.”® In the case of BP, the
partial charge-transfer nature of the triplet state resulted in a
decrease in phosphorescence lifetime and intensity upon a rise
in temperature, as indicated by the peak at ~520 nm. Thus, the
emission band near 450 nm and 520 nm corresponds to
phosphorescence in the crystalline state. In the case of NP, at
77 K, an emission maximum is observed corresponding to A,
indicating the possibility of delayed fluorescence (Fig. S10b,
ESIT). Upon increasing the temperature from 77 K to 257 K, the
fluorescence lifetime has increased from tpg = 91.4 Us to Tpg =
387.5 ps, possibly due to thermal activation of delayed fluores-
cence in the crystalline state of NP (Table S10 and Fig. S12,
ESIt). The photoluminescence intensity of NP decreased with
increasing temperatures, which could be attributed to the
activation of non-radiative decay processes.

Additionally, gated measurements are performed in toluene
solution at 77 K to support gated emission behaviour in the
solid state. For BP, the spectra displayed an intense red-shifted
peak corresponding to phosphorescence, along with a weaker
peak near the emission maximum attributed to delayed emis-
sion. In the case of NP, a weak emission band was observed
near ASM (Fig. S13, ESIt). Further investigation of delayed
fluorescence properties in the amorphous state, within (i) a
PMMA matrix and (ii) solution at room temperature, suggests
that the delayed fluorescence is not predominantly governed by
non-covalent interactions present in the crystalline phase (Fig.
S14-S16, ESIt).

Natural transition orbitals are analyzed in the monomeric
state to evaluate the nature of the observed TADF property in
the crystals of BP and NP. For the two derivatives, for the S;-S,
transition, the hole is primarily delocalized across the entire
molecular skeleton, while the electron is localized on the
phenanthroline core. In contrast to conventional D-A-D sys-
tems with pronounced charge-transfer character, where the
HUNTO is primarily localized on the donor units, the present
system exhibits a notable acceptor contribution to the HUNTO.
The molecular systems in the present study indicate partial
electronic delocalization and conjugation between the donor
and acceptor fragments.>>>* The NTO plots show that the S;-S,
transition contains CT and LE components, as indicated by the
overlap diagram (Fig. 3). To quantify the degree of charge
transfer between different fragments in the molecular system
the inter-fragment charge-transfer (IFCT) method is implemen-
ted. The IFCT method can be used to understand the extent of
charge-transfer nature for a particular transition by separating
the system into fragments. In the case of BP and NP, the
phenanthroline core is taken as fragment-I and aminoacenes
as fragment-II for computational evaluation. For the S;-S,
transition in BP, %CT = 31.01 and %LE = 68.99, while for NP,
%CT = 26.73 and %LE = 73.27, implying hybrid local exciton
and charge-transfer nature. Computational analysis using
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Fig. 3 NTO analysis for BP (a) and NP (b) in S; state. A schematic representation of a plausible mechanism TADF occurring in BP (c) and NP (d).

natural transition orbital (NTO) and intramolecular fragment
charge-transfer (IFCT) methods suggests that the S, state tends
to exhibit a hybridized nature, characterized as a hybrid local
and charge-transfer (HLCT) state.

The nature of the transition to different singlet states is
evaluated using the TheoDORE method.** In BP, the S; state
exhibited CT = 0.386 (Table S11 and Fig. S17, ESIt) while in NP,
the S; state shows borderline CT character (CTs; = 0.373),
confirming a state character in between LE and CT, plausibly
contributing to delayed fluorescence properties (Table S12 and
Fig. S18, ESIT). Solvent-dependent emission measurements
revealed that BP exhibited minimal shifts in emission maxima
(<5 nm), whereas NP showed a pronounced red-shift of 30 nm
(Fig. S19, ESIY), indicating the partial charge-transfer character.
The dipole moments of BP and NP were calculated in toluene,
tetrahydrofuran and acetonitrile medium for the ground and
first excited singlet state (Table S13, ESIT). The computationally
evaluated dipole moments revealed insignificant solvatochro-
mism for BP, but positive solvatochromism for NP.>® The
observed trend may arise from the enhanced electron-
donating ability of the naphthylamino group and/or the sig-
nificant variation in the donor-acceptor dihedral angle upon its
incorporation.*® The relatively small red-shift in BP suggests
weak charge-transfer (CT) character, consistent with NTO and
TheoDORE analyses.

Monkman and co-workers demonstrated that efficient TADF
can occur even with large AEgy (> 0.3 eV) through involvement
of an intermediate *nn* state, facilitated by heteroatom-
containing groups. The corresponding *nr* state promotes
efficient reverse intersystem crossing (rISC) to the 'CT state.
In our case, oxygen quenching experiments revealed a signifi-
cant reduction in delayed emission intensity, supporting the
involvement of triplet states (Fig. S14, ESIT). These observations
suggest that a similar *nm*-mediated mechanism may be
operative in our system, enabling efficient TADF despite a
substantial singlet-triplet gap (Fig. 3c and d).*’

In conclusion, we synthesized and crystallized two phenan-
throline derivatives with benzene and naphthalene connected
via an amino bridge behaving like a weak donor-acceptor-
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donor system with weak excitonic coupling. These heavy-atom-
free organic chromophores exhibit thermally activated delayed
fluorescence with a microsecond lifetime in their crystalline
state with deep blue fluorescence. Computational analysis
indicated that a combination of hybrid local excited and
charge-transfer states modulates the delayed fluorescence
behaviour. Our fundamental understanding of delayed fluores-
cence in the organic systems possibly paves the way for the
material design of organic light-emitting diodes.
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